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CHAPTER I 
INTRODUCTION AND SUMMARY 
In solid state chemistry it is attempted to relate the structure 
and composition of materials to their physical properties. Not only the 
overall composition is of importance in this respect, but also the con­
tents of imperfections in the crystal lattice (defects) needs to be 
known usually. An important factor in determining the contents of 
defects is the precise preparation history of the material. 
One group of materials which are and have been considered in this 
way in solid state chemistry are the semiconductors, such as Si and 
the Tii-v and II-VI compounds. The ever increasing demands for new 
properties stimulated the search for ternary semiconductors which are 
related to the former compounds, viz. the II-IV-V and I-III-VI chal-
copyrites. Information about the crystal growth and the optical and 
electrical properties of these compounds is given in the book of Shay 
and Wernick [l] Recently this was supplemented in part by Pamplin et 
al. [2]. Practical applications of the chalcopyrites are as material 
in non-linear optical devices or in solar energy conversion systems, 
both in p-η homo-and heterojunctions and in liquid junction cells [3]. 
Besides from the point of view of practical applications the 
studies of the chalcopynte compounds are induced by fundamental inter­
est. The ternary character opens up new possibilities for the defect 
chemistry compared with binary compounds. Because of the three differ­
ent crystallographic sites,the range of non-stoichiometry is generally 
greater and the formation of solid solutions occurs more easily. As 
pointed out by Kroger [4], two kinds of non-stoichiometry can be dis­
cerned in ternary compounds. The first kind, called "deviation from 
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molecularity", parametrizes the concentration ratio between the both 
binary compounds of which the ternary compound is made up. The second 
kind, called "deviation from stoichiometry", parametrizes the concen­
tration ratio between cations and anions and is the only possible kind 
of non-stoichiometry for binary compounds. A fundamental difference be­
tween both kinds of non-stoichiometry is that a deviation from molecul­
arity does not affect the number of valence electrons, while a devia­
tion from stoichiometry results in an excess or a deficiency of valence 
electrons. Additional native disorder is caused by the cation disorder, 
leading to A atoms on В sites and vice versa in the ABX chalcopynte. 
Up to now however, no detailed study of the defect chenistry of a chalco­
pynte compound has been performed on stoichionetncally well defined 
material and taking into account all possibilities for disorder. 
Of the many chalcopynte compounds, CuInS is particularly inter­
esting for both applied and fundamental studies. CuInS» is a candidate 
for application in solar cells, because its energy gap (1.5 eV) is near 
the optimum value for solar energy conversion [5]. In addition, the 
application of homojunctions is made possible by the fact that both η 
and p-type CuInS0 can be prepared. This amphoteric character makes the 
compound interesting for a study of its defect chemistry, the more so 
as such a behaviour is exceptional for the I-III-VI« compounds (and 
also for the II-VI compounds). So it is not surprising that CuInS is 
one of the more intensively investigated chalcopyntes. The first in­
vestigations on CuInS in this laboratory were carried out by Verheijen 
[б]. He undertook studies into the crystal growth and the optical and 
electrical properties of the compound, the results of which will be 
shortly summarized in the introduction section of the successive chap­
ters of this thesis. Both the crystal growth aspects and the physical 
properties of CuInS are treated in this thesis and can be found res­
pectively in Part I (Chapters II-VII) and Part II (Chapters VIII-XI). 
For many studies of CuInS9, the availability of single crystals is 
highly desirable. Single crystal growth from its own melt revealed to 
be very difficult or impossible as was also observed by Verheizen and 
other authors. Therefore it was decided to study the T-x phase diagram 
Cu S-In S in detail as described in chapter II. It was discovered in 
this study, that CuInS undergoes two solid state phase transitions, at 980 
and 1045 С before melting at 1090 C. These transitions, when passed 
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upon cooling, lead to cracking of the crystals. The first transition, 
chalcopyrite •+ zincblende, corresponds to disordering of the initially 
ordered cation sublattice. Such an order-disorder transition was also 
encountered m other chalcopyntes which posses a tetragonal distor­
tion less than 0.05. In chapter III this phenomenon is closely examined 
and both the tetragonal distortion and the order-disorder behaviour of 
the chalcopyntes were found to depend on the quantummechanicdlly calcu­
lated electronegativity difference between the AX and BX bonds. The 
growth of single crystals of CuInS was henceforth carried out at a 
temperature below the phase transitions (about 800 C) by means of chemical 
vapour transport (CVT) using iodine as transporting agent. The growth 
mechanisms which play a role in the CVT process were studied in detail 
by various surface microtopographical methods (Chapters IV, V and VI). 
Also CuGaS was included in these experiments, in order to check which 
features were typically for CuInS„ and which characteristic for the 
chalcopyntes and other CVT-grown compounds as a group. The growth 
mechanisms could be divided into three main catagories, viz. two dimen­
sional Vapour-Liquid-Solid (VLS) growth, unidirectional VLS growth 
leading to e.g. needle and platelet formation, and Vapour-Solid (VLS) 
growth yielding well formed growth spirals. Cui was found to be the 
liquid phase which induced the VLS-mechamsms. The presence of Cui 
in the growth system could be explained by thermodynamic equilibrium 
calculations (Chapter IV). Furthermore, the results of the microtopo­
graphical studies were interpreted in terms of the results of Monte 
Carlo simulations of growth beneath and above the roughening transi­
tion (Chapter V). In Chapter VI some features of the spirals formed by 
VS growth are treated. On one of the spirals monoatomic steps with a 
height of ЗА were observed by means of phase contrast microscopy. Next 
to single crystals'", also thin films of CuInS were prepared for funda­
mental investigations as well as in view of application in solar 
cells. The two stage process by which these films were prepared 
consisted of molecular beam deposition of Cuín layers followed by 
"sulfunzation" of these layers in a sulfur containing atmosphere. 
This is described in Chapter VII. 
The second part of the thesis presents the various optical and 
electrical experiments performed in order to elucidate the defect 
chemistry of CuInS . In Chapter VIII the relation between the defect 
S 
chemistry and the observed broad band emission is investigated. The 
broad band emission was found to consist of donor to acceptor (DA) 
transitions and appeared to be strongly influenced by deviations from 
moleculanty, because of the occurrence of different acceptors in 
Cu_S-rich and In„S -rich material, viz. respectively V or Cu and 2 2 3 In In 
V . In Chapter IX the exciton and the near edge emission are described, 
Cu 
again as a function of composition. In addition, information about 
the exciton binding energy and the temperature dependence of the energy 
gap was obtained. In Chapter X the results of optical absorption and 
luminescence experiments on thin CuInS films have been collected. 
The interpretation of optical absorption measurements was difficult, 
however, hindered as it was by the surface roughness of the films. The 
electrical measurements on CuInS are presented in Chapter XI. These 
lead together with the luminescence measurements to a model describing 
the donors and acceptors for CuInS». Also the role of impurities is 
taken into account and, because iron is by far the most important 
impurity, the valence and lattice-site occupation of iron was inves-
tigated by Mossbauer spectroscopy. In this way it was revealed that 
only divalent iron is present on both Cu and In sites under all condi-
tions of deviation from moleculanty and stoichiometry. 
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PART I : 
CRYSTAL GROWTH OF CuInS 

CHAPTER I I 
Journal o f C r n t j l C r n . Ih 40 11980) 4",9 436 
Norlh Holland Publishiii ( ünipan\ 
PHASE RELATIONS IN THE SYSTEM t u j S - I n j S , 
J J M BINSMA LJ GILlNGandJ Bl OEM 
RIM I aboraion υ/Solid State Chenmtn Catholic Ltmemm I OÍ rnooivcld 652э bD \t/niegen The \ctlu Hundí 
RiLLived 9 November 1979 manuscript retuvLd in linai form 3 Mardi 1980 
The Г-х phase diagram of the binar) system СизЗ-ІПзЬз has been dctermmtd by differential thermal analysis and X ray dil 
IrjLhon Two lcrnar> SLmiconduclinj_ phases are found CulnS} and CulnsSg It appears that CuInSj exists in three modilici 
lions up to 980 С m the well known thakopyrite structure between 9R0*C and 1U4SU( in the zineblcndc structure and above 
10Ί5 ( up to the mcltin^ point at 1090o( in a still unknown struelure whieh tentatively is assumed to he wurtzite Ihcse two 
solid stale phase transitions in С ulnSj will trom a severe obstiele for obtamint laree single crystals with the ehalcopyrlte struelure 
trom its own melt The sceond semieonduetor CulngSg has the spinel structure over the whole tcmpcralure range of 20 С lo 
the nielline pomi al I0fi5 С The chaleopynle to zmcblcnde phase transition in CuInS} wlneh lakes place al 980UC corresponds 
to disordering of llic ealion sublatticc II will be shown that tin transition ehalcipyntc lo zincblende is ι general phenomenon 
wluell is observed for chaleopyrites with an axial ratio c/a larger than 1 95 Ternaries lor winch the axial ratio is smaller than 1 95 
remaui in Ihc ordered chalcopynte structure even at hith temperatures 
1 Introduction 
CuIiiS] is one of the I—III—Vlj eeimpounds witli 
clulmpynte struelure first synthesized by Malm 
et dl | l ] Together with oilier 1 III Vl2 ternaries it 
has received much attention in literature for ils non 
linear optical properties [2] Being a semiconductor 
with τ direct bandgap of I S5 cV al room tempera 
turc which can be made η type and ρ type conduc 
live [13] this material is also attractive as photo 
vollaic solar cell malerul [4 | Although thus of con 
siderablc interest until now no syslemjlic data were 
published concerning the crystal growth aspects of 
this material and m particular the phase relations in 
the system C^S-ln^S} 
from literaiure u is known thai in Ihe АгХ-ВзХ., 
systems (A = Ag Cu 13 = Al Ga In X = S Se Te) 
the interactions between the two binaries result in 
lemanes of the type ABXj with the chalcopynte 
structure [5 10] In some cases additional ternaries 
are lormed of the type A^BXe (c g Ag9GdS6/Se6) 
having an icosahedral structure [9-11] ABjXg (e g 
Agln5Se/See) [5-7] with the spinel structure 
A2B4X, (CuGa 4Tc 7) [8] and Л2В2оХзі 
(Ag2Ga2oSii/Se3i ) [9] The crystal structures of the 
latter two iv|>es of ternaries have not been deter 
mined as yet 
In the CU2S \n-iS3 system Hahaut reponed the 
compound CuliisSg and delermincd its homogeneity 
region at room temperature [12] Vcrheijen was ihe 
first to report on the Ііото^епеііу region at room 
temperature for CulnS2 itself which appeared to be 
confined to Ihe region 50 52 mol [п
г
%
ъ
 [ П | In 
accordance with Flahaut he also observed a solid 
solution region tor (he CulnsSa ІПгЗз system In 
addition preliminary DTA data indicated a solid siale 
phase transition in CuInS2 at 990°C The sante ir msi 
tion was reponed lo be at 980°C bv Tyagunova et al 
[14J who studied the phase diagram CulnSj 
CuInSe2 Such a phase transilion will be a severe 
handicap for single crystal growlh from the melt and 
indeed several aulhors [13 15] leported difficulties 
in preparing single crystals of СиІпЯг Up to now the 
imlv procedure to grow larger chalcopynte single 
crystals of CuInSj is by means of chemical vapour 
transport using iodine as transporl agent Besides η 
lack of knowledge of the modilicalions of CulnSi 
there is also a 1 irge uncertainty as to the exact posi 
Hon of the melting point of the compound values 
have been reported ranging from 1000-1050oC [16] 
429 
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to 1090oC [13 I 4 | ind 1265°C [17] It is obvious 
tlut with respect ю the growth of single a y s u l s of 
CUIIISJ И is most desirable to have more infornution 
about the melting bcliauour the composidonal rela 
tiunship between solid and liquid and about the solid 
phases of CulnS? and ( ulnsSe Therefore Mie phase 
relations of the ( ti jS-lnjSj system have been 
studied by means ol difrerential thermal analysis and 
X ray diffraction 
2 Experimental 
Samples of differenl compositions in the system 
С UjS—1п25з were prepared from a melt ol the pure 
elements in sealed evacuated (2 ΧΙΟ" 5 Torr) silica 
tubes As starting materials high purity Cu and In 
(SN Johnson Matthey Specpure) and S (5N Пика 
Λ (ι ) were used 
The DTA measureincnts were perlormed by means 
of a apparatus consti iictcd at our laboratory which 
was suited for measurements up to temperatures ot 
1200oC Reproducible results could be obtained with 
powdered samples (typical weight 200 mg) in scaled 
evacuated silica capsules (10 mm outer diameter and 
a length of 10 15 min) During the sealing procedure 
the capsule was cooled by means of liquid nitrogen 
This capsule was pi iced into a graphite sample holder 
next to a silicon reference sample The sample holder 
was placed into a furnace and protected from oxida 
tion by a flow of N 2 gas Temperature control was 
aclueved by means ol a programmable controller 
using heating and cooling rates of 5°C m m - 1 The 
temperature of the sample and that of the teference 
were measured with Pt/Pt-lO'cRh thermocouples 
The diffeiencc signal between sample and reference 
was amplified and registered on an X У recorder 
together with the temperature signal itself The 
transition temperatures were determined from the 
DTA curves following the directions ol Smothers et 
al (18] Calibration ol the temperature scale was 
achieved by recording the solid stale phases transi 
lions and the melting points of К2Сг04 (бб1) and 
980oC) and KjSCX, (585 and 1069°C) The absolute 
accuracy of measured transition temperatures based 
on (lus scale was estimated to be < 5 0 C The same 
transitions immediately gave a calibration of the heat 
effects involved The accuracy of the transformation 
heat calculated in this way was 20'.· 
The prepared samples were analysed at room 
teiii[>eraUire by X ray powder diffraction using Cu Κα 
radiation In addition high lempenlurc X ray dittrac 
tion measurements on CuInSj powders were per 
lormed to obtain more insight in the low and high 
temperature structural modilications of the coin 
pound Iherniogravimetric analysis combined with 
DTA of CulnSj was carried out by means of a Melller 
TAj m an argon flow of 60 cm3 min - 1 and with a 
healing mie of 50C min"' In this case the sample 
weiglu was 100 mg 
3 Results 
Rcprescntalive DTA curves lor heating and cooling 
runs for С ulnSj in a sealed evacuated silica capsule 
and m an open tube in a nitrogen (low are given in 
fig 1 The measurements in in open tube were per 
formed in order to investigate the possibility ol 
decomposition of the sample under constant pressure 
during ihc DTA runs 
In the case of a sealed capsule and for the initial 
run in the open tube three transitions are observed at 
980 1045 and 1090°C (melting point of Cu[nS2) 
respectively For subsequent runs in the open tube in 
the nitrogen flow an additional ctlect at 740°C 
gradually developed X ray dilfraction on these sam 
pies revealed the presence ol Си and O ^ S The three 
heat effects at lughcr temperatures remain constant 
with respect to their starting temperature and peak 
area No heat effect is observed for the decomposi­
tion of CulnS 2 itself which slarts at 8I0°C as deter­
mined by means of therniograviinetric analysis The 
heat elicci л 740 0C in the open system is therefore 
ascribed to a phase transition witlini the triangle Си— 
CujS CulnSj as indicated in fig 2 In order to keep 
the compositional deviations from the join CiijS 
Іп25з as small as possible all subsequent DTA 
experiments were performed using sealed silica cap 
sules Although in this way the ptessures above the 
condensed phases are unknown ind unfixed the 7~-t 
diagram so obtained will almost equal that for a sys­
tem under constant pressure because of the small 
pressure dependence of the Τ χ relations of the con­
densed phases 
The results o f the DTA and X ray diffract ion mea 
14 
ΔΤ 
J J M Biiistna et al I Phase relations m the system CujS /«2^3 
700 800 900 1000 1100 
T ( 0 C ) 
Γιρ 1 Г)ТЛ curves upon htjlinp ia) and cnoling (b) lor CulnS2 m a scjlcd evacuated capsule and m an open ι ubi. Dashed line 
addilional el feet alter rcputjiivc heating runs in open tube 
suiemeiUs Jie cüUetied in the pliJbe diagram as 
shown in fig 3 The lour compounds WIHLII OLCUF in 
this diagram, viz Cu2S, СиІпЗг, CuInsSe and ItijSs, 
together with their dittcrent modifitaiions, transition 
temperatures, and heat clfccts, are listed in table 1 It 
appears thai CuInS2 exists in three modificalions, viz 
Cu- l n (Ö) Cu-lnCTT 
Ьц; 2 I he tcrnaiy Cu-In-S s>steni with the existing binary and ternar> phases, showing the binary jom C^S-InjSs and the 
triangle Cu-CuîS-CuInSj 
15 
432 J JM Binsma el al ¡Phase relations in the s\stem Cu2$ /"2^3 
T( 0 C) 
Fig 3 IcnUEive úugxdm ül the T-\ relations along the juin í. U2S l^S-^ Jt moderate pressureis) The single phase regions are" 
mdiLJted by then rcspCLtive symbol The iw« phase regions, which he in between the single phase regions ліс nol intliLjied 
Tjble 1 
Compounds осишіпр in the system Си25-ІП25э with then ditlerent modilicjtions, and transition temperatures md enthalpies 
(both expcrimenul and Irom literature) 
Compound Modification 
Q! tetragonal 
0:2 hexagonal 
Q cubii. 
CuIiisSg 
I n 2 S 3 
7 LhalLOpvnte 
ό 7in(.hlcnde 
f struLture unknown 
e spinel 
Transition Transition A//t ùJt^ 
temperaturi- temperature (kJ mol - 1 ) (kJ mol - 1 ) 
r t (0C) ^ (ÜC) (this v-ork) (liter iture) 
(this uork) (iKorature) 
104 103 
450 444 
1125 (m ρ ) 1127 
980 990 
1045 
1090 (m ρ) 1000-1285 40 
IUI 
1085(m ρ ) 
η ! delcLt spinel supcrstruLturc 420 420 
П2 dctcLt-spinel struLture 755 754 
П layered structure 1090 (m ρ ) 1090 
2 7 
2 0 
26 
16 
8 
 
140 
I 5 
3 
50 
3S5 
1 20 
23 0 
Η 
40 
-
I 09 
4 02 
-
[19 | 
[ Π 14 16,17] 
112131 
119 201 
m ρ - melting point 
и 
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tlie well known i.luliop>nlii muJirii.alion (7) up to 
980°C /nublendc [h) hetwecn 4R0 .ind 104<;oC and 
a still unknown modiliLition (f) (possibly wurtzitc) 
above I045 a ( [he presence ol tht zincblende modi 
fiutiun was Lonfirmed bv high temperature X ra> 
diffracuon Above l)HÜ°C all likl reflections with odd 
/ had vanished Al ihc sanie nine Ihe tetragonal 
splilling because of t Φ 2ιι disapiwared These obser 
u u o n s clearK nuhcale a reduction of the tetragonal 
chalcop\riie unit cell lo Mie cubic /nicblende unit 
ecll Since it w i*> nul possible 10 perform X-ra\ dif­
fraction at tempei nines higher Ihan ]000 oC with the 
equipment used ihc i modirication could not be 
identified in this wav Λ possible assignnient ol this ζ 
modification will be discussed in section 4 The 
maximum hquidus temperature for CulnSj is 
1040°C CuliisSg occurs only in the normal spinel 
structure up to its melting point (1085 o 0) according 
to (Cu„ , l n 0 s) [liblS^ wheie Ihe round brackets 
indicate tetrahcdially and Mie si|ujie brackets ocla 
hedralh coordinated atoms rcspcctiveK 
It has been altempied to lrec/c m both high tcm 
peralure modilicalions (δ and f) of 0ulnS2 b\ 
quenching in ІкцікІ \ 2 The λ ra\ diffraction pattern 
howcur showed 111 both cases onl\ reflections onei 
nating Irom the chalcopvnlc phase 
The values for ihe heat ol transfornulion (Λ//,) 
tor the various transitions as listed in table I aie ob 
tamed by analy/mu the areas ol the peaks which 
occur in the DIA curves 1 or the larger values of A//, 
(>S U 1110Γ') a good agreement exisis between the 
cxpcrimenlal value·, (accuracy 2 0 " ) and those known 
in the literature bor All, < 4 kJ mol"1 only quali 
tativc agreement with values irom the literature can 
be obiamecl It must be noticed that the exact nature 
ol the solid state transitions (1st or 2nd order) of 
CulnSi is still unknown so care has to be taken 111 
using the symbol All lor these phase transitions litis 
pomi will be discussed 1 tirilier in section 4 
At lugli temperatures ( / > 8 0 0 ° ( ) the homoge 
neity regions ol the α γ h and ξ phases are rather 
broad (>10 mol ІіізЬ,) as shown 111 fig 3 For 
CulnSi Ihe 7 f> and f homogeneity regions are 
extending to both C1I2S and 1п25з sides At room 
temperature the α and 7 homogeneity regions arc 
small (below the X ray diltraction detection limn) 
The hoinogeneily region of the η phase (the high 
temperature modification of Іп 25з) remains small 
over the whole temperature range 755 1090°C The 
spmcl phase с shows a solid solution region extending 
Irom about 8 í mol·/ IrijSi to the phase boundary 
with the e—η two-phase region The resulls al room 
temperature are m agreement with the results pie 
viously obtained by Verheijen [14] and I lahaut [1 2) 
It can he concluded Irom the phase diagram dial 
the 6 and f modifications ol CulnS? are siahih/ed 
with respect to Ihe 7 (chalcopvnte) modification In 
excess CiijS as well as b\ excess 1п2Ьз Ihe subscs 
tems ( u 2 S C11I11S2 and CulnSj—Culii<Sa form 
ciitcclics at И mof' liijSj and 990oC and at 80 
mol' lihSj and 10(И°С respcctnelv As lor the 
nature of the melting point of CuIn 5 S B no decisive 
conclusion can be made 1 rom fig } a pentectic 
melting point seems to be bkely however it is not 
impossible thai more precise measurements ol the 
phase diagiam would reveal a maximum liquidus 
tcmpciature 
4 Discussion 
Proni the phase diagram (fig 1) it is apparenl that 
the interactions between the binary sulfides give rise 
to two ternary sulfides CulnS2 and Culn5Se No 
intermediate compound of [he tvpe А9ІЗХ6 is lormcd 
in the system CiijS-CulnSj m contrast lo the silver 
systems AgX2-AgBX2 (H = Al Ga X = S Se) 
[9 11) In this respect the C u j S - C u I i ^ syslcm 
behaves analogously with the other copper systems 
tiiX2-('ulnX2(X = Se, Te) [%\ TlieA 9BX 6 lemanes 
belong to Ihe large lamily of compounds having ihe 
cubic icosaliedral structure [211 Like in the dial 
copyntcs both Л and В calions are lelrahedrally 
coordinated by (he X anions but in the case of the 
icosaliedral compounds the subunits remain cubic 
| 2 2 | From X rav studies [23] it appeared that the 
latlice constant and thus the volume ol the cubic sub 
units depend largely upon the nature of the A and X 
ions So the A and X ions form a lattice into which 
the В ions have to fit The absence of compounds of 
the type ( ικ,ΙηΧ,, can therefore be explained on the 
basis of the unlavourable г^Іг
Си
 rano (115) com­
pared lo the r^/r^ and r
c
JrAg ratios (0 88 and 
0 87 respedively) as calculated from the telrahedral 
covalenl radii after Van Vechten and Phillips [24| 
Analogously bolli Cu9SiS6 and CueCicS6 are known 
17 
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Ос. 
« I n 
Os Os 
( b ) 
I \g 4 Til». i.lijlLüp>rlK stniíluri. < l) comparad ui lwo unit 
Lt-Usoî tilt 7iniblcndc strutture (b) 
nut not Cu8SnS6 in the sjmc family ol cubic icosa 
lie(lt¿l compounds (24] (rSl/r ( u = 0 46 ^(¿*ία = 
1 00 j n d / \
n
/ r ( U = 1 15) 
Tlie compound CulnS2 exists in three modil'icj 
lions vi/ clulcopyriie up lo 1>80°C ¿incblende from 
980oC to 1045°C and an u'ikmtwti modilication from 
l04 ' i o r up to the melting point at 1090°C The chai 
cop>ritc to /incblende transition corresponds to dis 
ordering ol the onginallv ordered canon sublatticc In 
this wa> the tetragonal chalcopynte unit cell is 
reduced to the cubic ¿incblende unit cell with a 
slalislic.il distribution of Cu and In on the cation 
sites sec fig 4 From the DTA expenmt Us one 
generally can not decide whether this order disorder 
phenomenon corresponds to a first or second order 
transition From computer simulations a value for the 
transition entropy AS ol 0 47 R = 1 91 J mol"1 К ' 
has been predicted [25] lor the disordering transition 
in a 1 1 ordered compound with fee structure (the 
structure of the Culn sublattice in ( u l n b 2 ) The 
simulations were carried out as described by Cullman 
[26] tor the bec structure From the measured heat 
effect Q - 16 kJ mol"' (see table 1) one can calculate 
a value for AS = QIT= 12 8 J mol"1 К ' which is 
much higher than Л9 as predicted by the computer 
simulations so the remaining part of the heat effect 
will be due to a change in enthalpy related with a 
change in bonding energies This calculation thus 
gives an indication lor a larse tirsi order conlnbution 
for this order disorder tiansmon \ real confirma 
non can only be obtained b/ measuring the heat 
capacity as a function of the temperature 
The crystal structure of the third modification ξ is 
not known up to now In view of a further expansion 
ol the lattice and thus an increase in lonicny a tran 
sition from ¿incblende to wurl/ite can be expected as 
observed lor ZnS [27| and AglnS2 | 7 | 
It is interesting to compare the various chaleopy 
rite compounds with respect to their solid state phase 
transitions il an\ exist In the literature the order 
disorder transilion is known for a number of dial 
copyntes (both of the type I [ l l -VIj and II IV 
Vj) [5 6 24) including CuFcSj the mineral dial 
copynte itsell On the other hand also quite a number 
of chaleopynles is known [6 9 10 11 24 | in which no 
order—disorder transition takes place at all Finally 
there are some dulcopyrites lor which it is not 
known whether Ihey possess an order disorder Iran 
silion or nol All I 111 1 2аінІІІ IV V2 dnleopy 
rites together with CuFeSj arc listed in tabic 2 The 
chalcopyntes lor which the modilications arc known 
up to the melting point are collected in tig 5 where 
along the horizontal axis the axial ratio c/a ol the 
chalcopynte unit cell is plotted versus the type of 
anion along the vertical axis It appears that the 
order disorder transition is related to the axial ratio 
t¡a disordering occurs only in compounds with an 
axaal ratio ila > 1 95 In the case c/a < 1 95 no dis 
ordering lakes place because either the thermal 
energy is too small to overcome the activation energy 
involved in the transition or because the ¿incblende 
slructure is ihermodynamically unstable for com 
pounds with c/a < 1 95 The influence of the type of 
anion is small According to the diagram the occur 
rencc of the order disorder transition in CulnSj 
(t/a = 2 0158) is not surprising Also CuFeSj behaves 
in accordance wilh the diagram ((/a - 1 985) On the 
basis of fig 5 it is possible to predict the modifica 
tion(s) of the remaining chalcopyntes (see table 2) 
flus correlation between axial ratio and order 
disorder behaviour can be explained as follows it lias 
been shown by several authors |29 31) that the 
axial ratio of the chalcopyntes AUX2 depends on the 
dilference between the interactions normal to the 
г axis (which are only of the type A X-B) and 
IS 
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Table 2 
Obsi-md jnd priJiLti-d urder-diboicfcr behaviour for the 
I-III-VI2 dnd II-IV-V2 chalcopyrttes toeether with their 
a\i il ntios £ /a 
Nu Cumpound c'a a) 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
ruAIS2 
(uAISl j 
CuAITcj 
CuCiaS2 
CuOnSej 
( U(JJTÎ2 
CulnS2 
CiiInSe2 
Cu[nTe2 
ful eSj 
AgAlS2 
Ai!AISe2 
Ai-AlTi-j 
ΑμΓ»352 
ApOaSej 
At-OjTe2 
Ag]nS2 
ALlnSe2 
At.]nTe2 
7nSiP1 
ZnSlAsj 
ZnCLP2 
ZnGeAs2 
7nSnP2 
ZnSnAsj 
ZnSnSb, 
CdSiPj 
rdSiAS2 
rdC,eP2 
CdOcAS2 
(.dSnPj 
CdSnASj 
Ordur-disurde: Ret 
beliaviour 
1 96 
I 959 
1 97 
1 9588 
1 962 
1 983 
20158 
2 00 
2 00 
1 985 
1 80 
I 80 
I 88 
I 7897 
I HI7 
1 90 
1 92 
1 923 
I 96 
1 932 
1 943 
1 97 
1 967 
2 00 
2 00 
2 00 
I 837 
1 849 
I 878 
1 8875 
1 952 
1 957 
Ob 
M.rvcd 
disord 
disurd 
disord 
disurd 
disord 
disurd 
ord 
ord 
ord 
ord 
ord 
ord + w 
disord 
ord 
ord 
disord 
disord 
disord 
disord 
ord 
ord 
ord 
Pre­
dicted 
disord 
disord 
disord 
disord 
disord 
disord 
disord 
disord 
disord 
disord 
ord 
ord 
ord 
ord 
ord 
ord 
ord 
ord 
disord 
ord 
ord 
disord 
disord 
disord 
disord 
disurd 
ord 
ord 
ord 
ord 
disord 
disord 
I 
[ 
t 
( 
[5] 
I 
I 
I 
I 
6] 
M 
141, 
his work 
5| 
24 I 
I I I 
N | 
91 
10| 
61 
71 \1\ 
151 
[241 
[241 
[241 
I 24) 
[24| 
I 24 I 
|24| 
|24| 
|24| 
a
' VJIIKS taken troni rel [24] except lor CuFeS2 ret |28I 
ord ~ only existing in ordered chalcopynte structure disord 
= disordering trom chakopynte to zincblende structure 
w - wurtzite structure 
(hose parallel to the с axis (where also (he lypes 
Л - Х - Л and B-X В are present) The same dilfer 
enee in inlerauions will determine the tendency of 
ordering A large difference in interactions will result 
in a small value lor the axial ratio (large tetragonal 
-
-
-
-
-
1 
c h a 
• 
12 
πα 
Κ Π 
I 
D 
'5 
c o p y r 
Q 
0 
77 
1 
i t e α 
D 
6 
α 
¿9 
I 
D 
21 
Q 
20 
e h 
Ι ζ, 
о 
6 
1 
d l c o p y r l e Ξ 
- i c b l e n d e О 
О 
19 
οο 
.23 32 
l o 
5 
О 
10 
О 
26 
О 
9 
О 
2S 
О 
β 
О 
l i 
О 
7 
1 
С
І, 
Fig 5 Occurrence ut chalcopynte and zincblende structure 
for I I I I - V I , and II-IV-V2 chalcupyrltcs as a lunction ol 
ihc axial ratio ¿la and the n p c of anion The nunibcriny ol 
the compounds is as üiven in table 2 
distortion 6 = 2 c/a) and a high tendency of order 
mg In the same way a small dillcrcnce m interaclions 
gives rise to an axial ratio close to 2 00 (snuU 6 1 and 
a low tendency of ordering The difference ш interac 
lions parallel and normal to the с axis influences thus 
both the order-disorder behaviour and the axial 
ratio So the correlation shown in fig 5 can be under 
stood In a forthcoming paper [32] the dependences 
of the order—disorder behaviour and the axial ratio 
on the interactions mentioned will be given in terms 
of a single relation for both the I III VI, and the 
II IV-Vj chalcopyntes 
S Conclusion 
From the phase diagram it can be concluded that 
the growth of chalcopynte single crystals of СиІпЗг 
from its own melt will meet with severe diffìculties 
since two solid slate phase transitions must be passed 
on cooling No problems need 10 be expected with 
regard to the homogeneity of CuInSi formed Irom a 
melt with stoichiometric composition, because the 
melting point of CulnS2 is congruent or nearly con-
gruent Single crystals of CulnSj can be obtained in 
principle by passing the transition temperatures very 
Í9 
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slcmk but 111 рглЛііл nudcation ot thi. stable modi 
fkation will t ike plan m various direaions resulting 
in severe (.ranking uf the crystals So in ordei to grow 
larger single i.r>stab of CulriS? the trvstal crowtli 
process should be perlormed below the lowest transi 
non temperature (Ч80оС) and/or beside the join 
CujS—InjSs (see fig ^) e g b\ growth Ігош the gas 
phase by І2 transport or by growth from a solution ol 
CuInSi 111 a metal (In or Culn) melt For CUIIISSB 
(.r)sial growth Trom the melt is not liinJcrcJ by solid 
slate phase transitions 
In general it can be concluded thai single crystal 
growth Irom the melt will be difficult tor chalcop) 
riles in which the transition chalcopynte ^ /mc 
blende is present 1 e for compounds with c/a > 1 95 
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CHAPTER I I I 
I J ΛΙ l i i s sMAil il OicUl Di-oidu В і і і імоі і і οΓ ( h tkripv n t С οιηροιιικΙ- ö ' l j 
] i lu^ 4 1 t sol ( ι) 03 ô ' b (ІЧНІі 
Subjícl ( I is^ifudtion 1 2 ind 4 ¿2 S 
Ji I M Liihornttiiy of Svilii btate ( ht¡ιιι-Ίη/ (ntlidii ί linei iti/ Уі/ши/аі^) 
Order-Disorder Beim ¡our and Tetraaonal Distortion 
of Chaleopvrite Compounds 
.) Ι M lijNMMx L J O n I M m d I I Í I O I M 
I lu о к і м і і і -оккг I» h is nun i n d i l l i U U if.i)ii il d i s io i tu n ol li il i i s i i t i ( on ] ( und« \ 1>( ι n 
In iks( nix d in t( ι ins of I lit diflt κ j>< ι m с к 1 lorn ^ U is its Λ/ \ ι Ь< t \\( t η I hr \ ( md 11 ( IIOIKU 
I Ins diffi u IK ι πι ι l< ι tioiH ;_> il ι\ ils ik tint d on tin h IM-, dl tin Γ π ι Ι ι Ι ο κ ι цинк I poli ni ι il ι-
γι ιι πι i t i i/mg lin d if ft rom ι hi 1 ui ι n tin \ t. md lì ( mli ι ι и ш ь 11 ιρρι π s to lu | ι --мЫі l i 
^.isi ont 4 n . J i r i l i t i o n f o r lin ti tr i_ ui il d b t o r t i o n is ι fimi t ion ot 1 h p u um lit Λ/ \ ι toi 1 lu 
] I I I \ l mil I I l \ - \ ι l u k o p s n t i - . In uldil ion it ippt ir^ I h H ( Il ík ops riti s « il 11 Λ/ s ι І И І Ч 
posvi-,ц ui o r d i r dicotili ι solid s t i l i t ruis i t ioi i \\k i i ( i s (hi ι li ili ops ι Hi s u i i k Л / s i no 1 ) 
π т и п m tin ordì к d ι li ile ops riti strili turi ιΐ[) lo tin π mi 11 т ^ pomi 
I) is Ordni i iyss i i l i i l t i li und du l i t i іеоіі ili \< т г г і и son \ l¡( \ ι ι Ьіпііііп^і η nut ( li ilkops ι и 
Sl i i iktur к о ш к и uisirf drui kt SM rik η d i lu i i die 1 li kt ioiK^ itis it itsdiffi m i / /ssisi lun d i n Л ( 
und di η Η ( Bindungen Du sc h li kt r ont ^  il is it it sd if ft ren/ Л / \ ц s\ nd ml di г ( tun II i_i di s 
l ' u d ì Modi 1 Po t tn t i ils l i t r t i h iu t I s z t i g t s u h ihQ tur du 1 III \ l und II l \ \ \ t i b m 
(Ιιιημι и nut ( Inlkops n t Stri iktin t nu oin7i<;i Bt/it (nini;/ss isi ht η fk ni P i r i m t t i i Λ / s i í u n d d i i 
ti ti ідоп ili η \ ι ι/ι i runp л ι v i μι bi η ss ι irk η k inn \uUi tdt in ι rpiht s ι h d ili \ ι ihiiidun i n mit 
Δ / л π < " ^Ч ι un ІМпчеп L mu rind lu η,, /ιι ι mt m un., ι orti ut ti η /list m 1 ι ut u ι ι si η u ihn nil λ ι ι 
bindiingi η mit Λ/л и > t) IMJ Ьіч 7 u ihn m St Ιιιικ I/punk t du ¡ιι οι dm ti ( In I kops rit Μ ι uk t ui hi 
Inlteii 
1. Introduction 
The chal((>|)\nt( c o m p o u n d s of the t s p i 1 l l l - λ ΐ mil II l \ - \ ire tilt ( ( π n r ^ 
analogues of tin LI \ I and 11 I-\ Lompounds ssith / incbl inde s t i u i t t i n BLSKII s 
fimdanit ntal s t u d u s on t lit' consi q u e n c t s of 1 IK t t m a i s t In rat It r of t In se с ο πι pounds 
f tir t liei г p i n sit al i n d tin mical pi opt 11 к s ι Κ ο ιη\ t st ід i t ions li-η ι lu t η pi rfoi пи d 
m vit w of pract ical a p p l i t a t i o n s t g in non line ir optit il ckv ict s and stilar et Ils [1 2] 
In both cas t s t lu availabilitv ot smglt 11 \stals of tin t o m p o i m d s is Inidih desìi ikli 
Single c r \ s t a l grtisslh Γι о т t h e nit It, liowt \cr, is bmilt к d for ι great niimbt ι о I t hal 
i o p \ n t t s b \ ι solid statt phase transit ion, at \s Inch tht cr\ si il jiasst s fitnii tin ¿int 
blende s t ruc ture with a disordt м d cation distr ibution to the o r d t r t d c h a l i o p \ r i t t 
si ι ucture u[)on t ooling | 1 to 4) 'Lhis I r m s i t i o n e m gi\ e rist to ι м м и cracking ol 
t h e prepared single c i W a l s 1 In pres tn t t of ι solid st i te ti msit ion is t ht м fore a 
dt ι isive fattoi in thoosing an appropri ito c r W a l grossth ни I hod, с g growth from 
tin nit l l , solution, οι vapour 'I Ins is possible is fai is phase d iagrams arc as iilablt 
H informalion about tin presence of solid stalt t ransi t ions is not r e p o i l t d u would 
be advantageous to be able to ρ π diet from tin or\ tht prest net of such transit ions 
In Fig 1, tin t h a l t o p \ r i t e unit t i l l is shossn together ssilb two /mebl indt unit 
cells In (he unit ci 11 of t h t tha l i орл ri le \ B O , , t h t λ and В cat ions оесирл I hi cation 
positions of t h t /incblcndt s t ru t ture in an ordt rt ti «ял so ar ranged (hat thes alter 
n a t e along t h e lint ь parallel to I In r a\is 'I hus the cubit s\ ц ц т tr\ of t h e zun blende 
') Toernoois tld d )2"> ED Nijmegen The \i Ihirhnds » 
I Ι Μ Ві\-.м\ I J G u i s e mil I H i t o v 
1 и 1 ι) Πιο (h i k o p v r i t e s t r i u t u i i compared 
Ь) to two unit к Ms of the /inolili mk s t r u c t u n 
s l i u t t i u c is i c d u t c d t o t i n t c t r n p o n a l s \ m i i K t i \ of t i n < l i . i k o j n r i te M n i c t u r i I n 
. i d d i l u m t i n o r d ì n d « u i a n ^ i mi tit of t l u l a t i o n s m t h i ( .hc i lcoj ) \ r i t i si n a t u r e r e s u l t s 
in ι W t r a g o i u l d i s t o i t i o n ò d e f i n e d b \ Ò = 2 (r « ) . w t l i η a a n d r a r c t l u ( . h a l n i -
] ) M i t i l a t t i n p t r m u t e i s \l Ιιιμίι ti i n p i l a t u r e s , t h i o i d i r t d а п а п д і n i e n t of t i n 
ι l i i o n s e m b u orni t l u i n i f x K n a n i i e a l h u n s i ibi« w i t h re spi 11 l o t h e d i s u n i i к d s t a l i 
m w h i e h t i n i i t i o n s i r e s i a l i s m ι||\ d i s i ι i b u t e d Hefori <li a l m p w i th I In i n t e r a c t i o n s 
i i s p o n s i b l i to i l i n o i d c i d i s o i d i r Ь е і і а л ю і и m i l t h e t i t r ι μ ο ι π ί d i s t o i l ion f u s t I In· 
O M s t i n g l i t i n t i i i i m t i n s t n Id u i l l hi b r u f h i e \ i e i \ e d 
2 . I d c r . i t i i r c 
м г а і a u t h o r s h i v e a n a l \ s r d I In t i t r a p o i n l d i s t o r t i o n of t h e t І ы к о р м і і е s in t e n u s 
ol l in i n t i i a i l i o i i s p r i s L i i t m t h e e r \ s t a l l a l t i e e ' U n f u s i e o n l r i b u t i o n l ias b i e n 
« і м п b \ N o o l i n d i ['•>} w h o u s u i t h e \ a l e i K ( f o u i f ie ld m o d i I ot Κι И т ц [h] a n d 
M i i l i n [ 7 J t o d i s e i i b i t h e e o v a l e n t i n t i l a e t i o n s m t h e ι h ik o p \ r i t i l a t t i e e I he i o n i c 
i n t e r a c t i o n s were s e p - e r a t i K i s l u n a t c d b \ e \ a l u a t i n g t l u I « a i d s u m s Jt « a s n o l 
poss ib le h o u e M i t o d e s c u b e t h e t e t r a g o n a l d i s t o r t i o n ol a l l eh i l c o p \ r i t e s VA o n e 
s i n g l e r e l a t i o n wi t l i in t h i s t h i o i v P h i l l i p s [ s | s b o u i d foi t h e II 1\ \ , < І іа ісорл r i l i s 
t h a i H u n is a c o i u l a t i o n b e l u e e n t l u ti li i g o n a l d i s t o i l i o n ó - - С « ) a n d t h e 
b o n d o r b i t a l r a d i i of t h e c o n s t il m nt a t o m s 'I hi b o n d o i b i t x l r a d i i u n e c a l c u l i l i d 
o n (h i b a s i s of t i n I ' a n l i i o i c i m o d e l } o l i nt ia ! Ί h s j o l i ut ι il i n c l u d e s 1 o t h c o \ a l i nt 
a n d i o n i c m t e i u t i o i i s 1 hi idi ι ol i p p h i n g t l u I ' u i l i l o u e m o d e l p o t i nt lal t o s o l i d s 
u is d i M l o p i d b \ s ,
m
o n s m d l i l o c h I')] 4 i i u k a t a n d S i n g h [W\ g a \ e t s e p a r a t e 
r e l a t i o n b e t w e e n t i n te l l a g o n il d i s t o i t ion u i d t l u b o n d οι bit d r a d i i l o i 1 In I I I I \ \ ¿ 
e l n l c o p w i l i s u s i n g t lu non loc il l o r m of 1 hi I ' u i l i fore ι m o d i ! p o t e n t i a l 
Τ 
h-
Se 
Ρ 
- l i 
ι 
с 
6 i 
' 12 23 ¡i 
t в 
Y\^ 1 Οι ι ι ι ι ι ι нес of ι l i i l i i ipwitc nul /un 1)1« iidc strut 
t u n l i l 1 111 \ I mei 11 \\ \ c l n k o p M iti s is ι fune 
tion of tin >\nl l i t i o ι π vnel the txpe if mion l'hi 
m m i b i i i n j of lin lonipoiinds is is fiiM li m Tib l i 1 
( lult о р м ili ι h i l iopwi i i —/niel l imeli 
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OrdiT-Divordor Holia\iour and Totr.iyon.il Distortion of ChdUopynle Compounds .^ί)" 
Recently [4], \\i' dealt with the ordtT-disorder behaviour of t h e c h a l t o p y n t e 
compounds. Jt was d e m o n s t r a t e d t h a t t h e ehalcop} rite to ¡cmcblende t ransi t ion very 
remarkably only lakes place m those chalcopyritcs with an axial rat io r/a '^ 1.95, 
see Kip. 2. Compounds with c¡(i ., 1 !I5 remain in the chalcopy rite s t ruc ture up to the 
melting point. The influence of the type of anion on the occurrence of the phase 
transition appears to be sniall. In Table I, all known I I I 1 -V1 2 and I I - I Y - \ 2 chalco-
p v n l c s as well as CuKeS,,, the mineral chalcopy rite itself, are listed toge ther with their 
axial ratio <•ƒ«, and their o ide r -d i so ider beha\ iour as observed and as predicted from 
Kig. 2. For the first t ime an overall t rend for the s t ruc tura l modifications of the 
Tab le I 
ObsiOnod and picchi led order-disoider bojiaviour for the I III VIj and II Ιλ'-V, 
( haIcop\ rites to^etluT witll their axial ratios r\n 
No. compound ç'u*) onici disorder lef. 
behaviour 
1 
0 
3 
4 
."> 
С 
ι 
H 
9 
10 
11 
12 
13 
14 
I.'. 
Jfl 
17 
1H 
in 
2 0 
21 
2 2 
2 3 
2 4 
2.-) 
2 0 
27 
2 8 
2!) 
3 0 
31 
3 2 
( ' i i . U S , 
C V U S ë . 
C u A l ' I e , 
C u C a S . 
( ' u < ; . i S e , 
( "uCiaTcj 
("i i ln.S, 
C i i l n S ë , 
CuI i iTe" , 
C u F c - S , 
A g A I S , 
AgAlsê. 
XgAITe, 
ApfiaS. 
AgCaSe, 
AgGiiTc, 
Ag lnS , 
AglnSc , 
Agln'IV. 
ZeS iP . 
ZnSiAs, 
ZnCicP. 
ZnCeAs, 
ZiiSuP, 
ZiiSnA«, 
ZnSnSb, 
CdSiP, 
CdSiAs. 
Cd t ic l ' . 
(MCcAs, 
CdSnr." 
CdSnAs, 
1 !Ш 
1.9Г)9 
1 97 
I.!).r)8H 
1.9()2 
1 9H3 
2.01.-)« 
2 .00 
2 .00 
1.98.') 
1 8 0 
1.80 
1.88 
1.7897 
1 8 1 7 
1.90 
1.92 
1.923 
] .»« 
1 9 3 2 
1 9 4 3 
1.97 
I 9(i7 
2 0 0 
2 .00 
2 0 0 
1.837 
1.84 
1.878 
1 887.') 
1 9.-)2 
1 9 5 7 
o b s v r \ c d 
_ 
-
— 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
o í d 
o r d 
— 
o r d 
o í d 
o r d 
o r d w 
d i s o r d 
o r d 
o l d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
o r í ! 
o r d 
o r d 
— 
— 
d i s o r d 
p i e d i c U ' d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
d i s o r d 
o r d 
o r d 
o r d 
o r d 
o r d 
o r d 
o r d 
o r d 
d i s o r d 
o r d 
o r d 
d i s o r d 
d i so rd 
d i s o r d 
d i s o r d 
d i s o r d 
o r d 
o r d 
o r d 
o r d 
di .sord 
d i s o r d 
|1.η 
Π 51 
Г4] 
fUJ 
[141 
| i j 
1191 
| l 9] 
121 
lai 
[ l o i 
| i ] 
[141 
in 
Ml 
[ 1 ] 
m 
[1J 
in 
in 
m 
in 
*) Values taken from [1]. except for CiiFoiS_. [I l l 
ord: only existing in ordered chalcopvnte structure, disord: disordering from chalí o-
pyritc to zuiebleride structure. « . wurtzitc structure. 
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ι líale o|)\ ι ilo Lonijjounds (oiild ihu^ be ді\еіі І Ь ь ordcr-diMiidi ι Ьсііал mur '•lioiild 
now bi' relat i d to л iundai i ient i l p a r a i i u U i inst i ' id oi to an eiiipirical ( l a i a m t t i r a1· 
t h e t( trafional distort ion I hi hond orbital ι uhi ol t h e с on^tituciil i toni^ could 
siippK t h e desm d fundamenta l pai mu ti ι, bt causi t lu tc t raponnl distortion can be 
re latcd to these radii 
.Ì. Tht'orj 
\t lus t ц ni,i\ IK quest ioned winch interact ions d e t c i n n n e the oidci disorder 
Іні іачюиг ind 1 he le (гацопаі dis tort ion of tlu с halcop\ ι ites l?ot h phi n o n u n a οι с in 
a s a и -nil of the d life к ncc in int< ι u turns parallel to t he < <ι\ι·« and those normal to 
the ι i\is In ι hi iha lcop\ i i t t ΛΒ(
 ì t a i h Л a t o m has two \ and t u o В a t o m s as 
m a n st eat ion m ifrhhoiii s m t he pi mes including t h e с- i\is hut m tin jila m s noi mal 
to t h e f -a\is ι ai h \ a tom is su i iounded b\ tour В i t o i i i s a n d \ i < i л cisa (sec J* ід 1) 
I hus l l u i i is ι dilli m u i m mtc ìac t ions piral lc l and noi mal to the с i\is This 
diffc ι с ne с m ml ι ι ас I ions u hu h can be ді\ en as t he d if f ι ri noe hi twi ι η the A-C-B 
inte la i l ions and tin m ían of the \ - C - \ and J5 C-B m t n a c l i o n s , cleterimncs the 
l i l i a p o n a l dis toi t ion ,incl the o id i i disorder h e h i \ i o u i It can hi appioMiuated h\ 
the ilitfcri m ι h e t w e i n t h i Л-С and B-C mli lact ions as deinonsl l a tcd Ьл Abrahams 
a n d Bernste in | 12] Jn this а]>ргоміііаІіоіі, the te t ragon il d is tort ion ocan In given m 
t e r m s of I he sulfur shift χ Ьл (hi Л Ina ha ins Βι ι nsli m relation Η hi η the e\pi nini nial 
siilfiii shifts a n sulisliuitc d in t h e Mnaliains Bernstein и lal ion, deviat ions in χ i rom 
the ечреипіепіа і л values a n found up to '2% foi (he II I - \ \ Compounds and up 
lo " " „ for t h e 1 111-\ I 2 compounds So also m the h t ter ι ase, ι he concept of di scribing 
the m t e i a c l i o n s arising i iom two bonds in t i r m s of t h e smgle bond A C' and B-C 
miei act ions appi ars to be reliable m spile of the с \ ist ι nee of distorted С A4 and В A, 
t e t r a h e d r a P a i a m e t m m g m terms of the difft icncc between A-C and В С interac­
tions will therefore be taken as a s tar t ing point 'Illesi mli [actions m the ihalcopv-
n t e lattice will be calculated trom the model potent ia l given !>} Simons and Bloch [9J 
• и -
z
- ^
B
'
P l
 (1) 
r
 ι i" 
with Ζ ni l coie charge, /'( pro |ect ion o p u a t o r for o ib i la l /, and /i (, (he Tauli-foice 
poti ntial h a r m ι 1 hi latti ι one is defined In 
Λ, 0 5|/(/ ! ) - / ( / J ) ] , (2) 
when I radial q u a n l u m i iumbii a n d / ' I va luefor a t o m s m core stat i col lected ac­
cording to I he cpiantuni defect and transformed to the value at I he, J ι m u ι nergv m 
the solid as descr ibid m | ' J | The calculation of the atomic / values (and t h u s aKo ot 
the /i; va luis) is a straightfoi ward p i o i c d u r i , v\liich mvolv i s alomic s p t c t i a l d a t a 
as given in [1 i | 
L sing (he model potent ia l of (1) core radii r, can he calculated, which l o n c s p o n d 
(o (he classical ( l iming points of I (/•) W i g i v i hcic (he n suit for rt dcnv ed in [ (l| 
/ i , / . ( (-0 . !45) r <
 \ ,, ' Σ Ί > (5) 
ι
 κ
 г 
when 6'is a constant Z/ t he \л gendre polv nonual of tin oidi ι / and r, aie tin sepaia te 
o ib i la l radii '1 he value s of i | for the I - I I I \ I, compounds taUen fioin 11()| are hsled 
in 'I ible 1 together with those of the I I - I \ \ , compounds c a l c u h t e d according 
to ( \) for 0 - / ^ 1 
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Tab le 2 
Orbital radii )¡ in atomic units for atoms of the (half opj ritt' сотрошиК \ allies for the 
1 III and \ 1 atoms taken fiom f 1(1]. Ilmse foi the 11. I\ and \ alonis caltulatid . и cord­
ing to (3) 
atom (ion) 
Си 
*(.' 
Zn' 
('d-
Л1-
C.a·1 
In-
Si3 
C.(J 
SnJ 
P1* 
A s 4 * 
S b 4 + 
S5' 
be' 
TV 
r
s 
0 2170 
0 2280 
0 3219 
0 3.ϊ(>1 
0 3718 
0 3389 
0 3797 
О 3283 
U 3224 
0 3742 
0 2943 
0 3099 
0 3()3.г) 
0 2071 
0 29Г)4 
0 3473 
r
v 
00691 
0 0()b7 
— 0 0380 
— 0 0049 
0 0721 
0 0()38 
0 0808 
— 0 0009 
— 0 0720 
0 0979 
0 0018 
0 0748 
0 0970 
— 0 0.'')72 
0 0743 
0 П9Т7 
г
л 
0 0170 
0 0108 
- 0 0101 
- 0 0281 
0 0133 
0 0240 
0 0Г)08 
0 0127 
- 0 0287 
0 0420 
00117 
0 0230 
0 0")02 
0 0103 
- 0 0341 
0 05 ")9 
Besides the atoiiuc orbital radii г, ( Л) we oui define lij b n d i / i d atoinic orbital r a d u . 
Γ
σ
(Λ) - ^ ( A ) + r
s
(A) (4a) 
or a a-h\bi id on a t o m \, and 
r-(A) - »-„(A) - г
ч
(Л) (4b) 
tor a TT-bj brid Jntludmf; orbitals with / _ • 1 we obta in 
r,(.\) - U \) - ГІГ
Л
(\) - //-f(A) -f- . , (3a) 
/•„(A) M A ) <lr{l(Q\) - /r r(A) · , (5b) 
where rl, ) etc represent the contr ibut ions of the oibi la ls with higher / (0 ^ (/, ƒ ^ 1). 
The bond orljilal radius ot a σ-bond between the a t o m s Л and lì is then defined bj 
/•(Α,Β) г , ( А ) - г
г
( В ) (О) 
Following the reasoning of Miaukal and Singh [10J, we now can defnn dmiensionless 
c l e c l i o n e g a t u i t i e s foi the А С and В С bonds m chalcopjiilL'i,, y(A, C) and / ( В , C) 
where / and higher oí Inlals a ie ι чсіікіиі '1 he difference m e lec t ronegatn it} between 
the Α-C and В С bonds is t h e n according to ((>) a n d (7) 
_ Ό Λ Ί - ' ( » , ( ' ) _ '"(Α,Β) _ _ 
/ u
· r(V) - - V / d ( C ) / - ( 0 - 2 ^ ( 0 - ( 
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Л-/і,ц is t h u s t h e p a r a m e t e r w h i c h d e s c r i b e s t h e d i f f e i e n c e b e t w e e n t h e A - C a n d B - C 
I j o n d s i n c l u d i n g t j o t h c o v a l e n t a n d i o n i c e f f e c t s . S i n c e , a s w e h a v e s e e n , t h e t e t r a g o n a l 
d i s t o r t i o n a s well a s t h e o r d e r - d i s o r d e r h e h a v i o u i m first a p p r o \ m i a t i o n d e p e n d o n 
t h e d i f f e r e n c e b e t w e e n b o t h t \ p e s of b o n d s , we now t a n a n a h s e b o t h p h e n o m e n a i n 
t e r m s of Л / ^ ц 
4 . I t e s n l l s a n d D i s c u s s i o n 
I n Fit/. :ï we h a v e p l o t t e d t h e t e t r a g o n a l d i s t o r t i o n ό a g a m s t A·/ ut eal< Ч І Л І ed a c c o r d i n g 
t o S e c t i o n 'Л fo r t h e c h a l c o p \ r i t e s l i s t e d m T a b l e I T h e r e a p p e a r s t o be a c o r r e l a t i o n 
b e t w e e n Αχ^ι ι a n d ò W i t h i n c r e a s i n g Αχ \i\ a n i n c r e a s e m ò i s o b s e r \ e d . Mos t c o m p o u n d s 
a r c h i n g a l o n g a p a r a b o l i c c u r v e T h e Al c o n t a i n i n g t o i n p o u n d s h o w e v e r , a r e s c a t -
t e r i n g a n d t l i ( ' \ a r e a l so t h e o n h c o m p o u n d s for w h i c h Δ / u i <^ 0 All o t h e r c h a l c o -
p v n t e s h a v e A'/\u ^> 0, w h i c h d e m o n s t r a t e s t h a t t h e Α - C b o n d a t t i a c t s e l e c t r o n s 
m o r e s t r o n g h ( " i s m o r e e l e c t l o n e g a t i v e " ) t h a n t h e B - C b o n d in t h e s e c o m p o u n d s 
(see (8) j . T h i s d i f f e r e n c e in e l e e t r o n e g a t i v i t v a r i s e s f r o m t h e f a c t t h a t ( h e Α - C b o n d 
is e l e c t r o n - d e l i c i e i i t (7 e l e c t r o n s l o r 4 b o n d s ) , w h i l e t h e B - C b o n d h a s e x c e s s e l e c t r o n i c 
c h a r g e (it e l e c t i o n s for 4 b o n d s ) . T h e A l - C b o n d , h o w e v e r , is m o r e e l e c t r o n e g a t i v e 
t h a n t h e Α - C b o n d s , b e c a u s e ol t h e l a r g e e l e c t r o n e g a t i v i t y of Al. T h e C e t o n t a m i n g 
c o m p o u n d s o n t h e o t h e r h a n d , a l l h a v e r a t h e r l a r g e v a l u e s of А ^ ц ( o m p a r e d t o t h e 
o t h e r c o m p o u n d s . T h i s m a \ be c a u s e d in o u r o p i n i o n b \ a m i s e s t i m a t e m t h e a t o m i c 
/ v a l u e s n e e d e d for t h e c a l c u l a t i o n (see S e c t i o n 3) 
W h e n we o m i t t h e Al a n d ( ¡ e c o n t a i n i n g c o m p o u n d s , it a p p e a r s t h a t ò ι a n be r e a s o n ­
a b l y f i t t e d a l o n g o n e p a r a b o l a a c c o r d i n g t o 
¿, Αγ
ΛΙί
 | ò2 (Δχ
Α (9) 
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Fig 3 Tlip tetragonal distortion Л 2 (</«),is .ι finii lion of the di t feremc in elee Ironcgativity 
between the i.itions \χκ\\ for llie t l iako | )\ rites presented in Table 1 The numbering of the com­
pounds is as gi\en m tins table . Compounds with onl\ c h a h o p v r i t e s t n u turt . j tompounds 
with transi t ion d i a k o p y n t e ±; / n u h l e n d i . \ unknown order-disorder behaviour. The dashed 
l ines separate the regions with compounds existing in one oi two modifieations 
Fig. 4. Parabolic fit for the tetragonal distortion ή as a funclion of Л / \ ц foi the ( li.ikopj rites 
with the exception of the At and (Je containing compounds. The curve conesponds to ^0 
= —0 0004, i\ - 0.1222, and h
:
 8 8(Jj for the fit p a r a m e t e r s of (it) The dashed lines separate 
again the regions with compounds existing in one or two modifications 
lb 
Orrlei-DiMHfler Koh.i\ юнг anfl Τ ί^Γ,ιμΟίΐ.ιΙ Distortion of diali o|i\rito ('ompoimiU (iOl 
as is shown m Кід. 4. The best fit is obta ined with d-orbital cont r ibut ions (ο Δχ^ι,οΐ 
2 0 % for the ('u coinpoimd.s, of 'M)% for t h e Ag conipounds m t h e ]-l I ! - 12 дгопр and 
of 10% for all II 1V-Y2 cha leopyntes T h e s t a n d a i d deviat ion for ό i.s found to be 
O.Old. The m this u;iv obtained d-orbital contr ibut ions are .similar t o those used in 
[S, 10|. The smaller d-orbital contr ihut ion for the II-1V-V 2 conipounds \villi respect 
to those of I he I \ pe I - I 1 J - V I 2 is olivious because of the larger screening of d-electrons 
in 'An and Cd by t h e valence electrons compared to Cu and Ag. T h e difference in d-
orbital contr ibut ion between the Cu and Ag containing c o m p o u n d s possibly arises 
I rom the increase in a tomic nuinber from Cu to Ag. 
Fig. 3 and 4 d e m o n s t r a t e that there are no fundamenta l differences between t h e 
(wo groups ol c h a l e o p y n t e s . It is t h u s possible to give one single relation for b in 
terms of Δχλίι tor both t h e I - I I I VI2 and the I l - l V - Y , c h a l e o p y n t e s T h e pa iabola 
has its mmimuin at Δγui — 0.007 and not at Δχ^υ 0 0 This i.s caused by t h e fact 
that rl is e n t i r e h a quantuin-cheiincal measure for t h e electronegativity and does not 
take into account s u e effects. At Δχχ,η ~ 0.020, as is the case for CuInSe 2 , t h e quan-
tiiiii-chenucal and size differences between t h e A and lì a toms balance each other 
resulting m ò — 0. A further improvement for the fit ninj he expected when for each 
compound its specific d-orbital contribuì ion is used, lîecause of a lack of d a t a in this 
field this refmemenl is not possi Mo up to now however. 
As to the order -d isorder behaviour we should счрсі I thai a large difference m 
electronegativit\ Δχ*:·, (giving a large Ò) would correspond to a high teiideiic\ of 
ordering of (he cat ions A and l{. This is confirmed b \ mspcclion of Fig 4 F rom the 
critical value of t he te t ragonal distortion ÒIT = 0 0.") be \ond which onl \ the chalco-
p y n l e s t ruc ture is observed (see also Fig. 2) critical values for Δχνιι, Δχ, - 0.09 at 
the high Δ χ ^ ι side and Δχ 2 - - 0.07 at the low Δχ^κ side are obta ined Caie has to 
be taken m using the low Δχνιι value, because of t h e large uncerta inty of t h e fit m 
t his region. T h e te t ragona l distortion and the order-disorder behaviour are de termined 
In the m a g n i t u d e of the differences in interact ions and nol b\ their sign. This ex­
plains uhy two critical values for Δχ\ιι are found 
Il was checked whether there was a correlation between the t rans i t ion t e m p e r a t u r e 
and the absolule value of Δ χ ( ι ι . One would expeci (hal lbo lowest t rans i t ion tempera-
lures chalcop\ rite ==. zincblcndc are located at t h e minimum of (he curve and t h e 
highest t ransi t ion l e m p e i a t u r e s m the neighbourhood of the critical values. However, 
no correlation at all can be deduced from the experimentally observed t rans i t ion 
temperatures Tt, which vary between 537 and 1050 °C | 1, 4, 14, 15]. This absence of 
an ν I rend can be i l lustrated on the compounds C u t n S 2 (No 7, ό - —0 0154, Αχ^ — 
- 0.0:Ш) having Τ,, - 980 "С [4 | and \ g I n T e 2 (Хо. 19, ή =. 0 04, А;^,, 00795) 
with Τ,, - 5:і7 "С [14 | When (he t rans i t ion t e m p e r a t u r e is expressed relative to 
the melting p o m i , I he range narrows considerably to O.H:t7'
m
 to 1 0 0 7 '
m
, where Tln is 
the inciting pount in K. Also m this case, however, no t rend can be found 
The crilical value for ό of 0.05 is (he value at room t e m p e r a t u r e , because t h e room 
t e m p e r a t u r e values for t h e tetragonal dis tort ions have been used. T h e t e m p e r a t u r e 
dependence of ό has not t a k e n m i o account so far. For all c h a l e o p y n t e s ol which the 
tetragonal distort ion has been reported as a funclmn of ( e m p e r a t u r e , ό increases 
with Τ ii]) lo 100% between room I c m p e r a t u r e and its melting point [KiJ l iecause ò 
is positive, the cha lcopyn te s t ruc ture thus tends to become more s table compared to 
the zincblende s t ruc tu re with increasing t empera tu re for these Compounds. 'This is 
confirmed by the fact tha t all the compounds listed in |l(i] belong to the class of 
ternaries which remain in the cha lcopynte s t ruc ture up to their mel t ing point . The 
only da ta on a compound which disorders at high t empera tu re were recently obtained 
by us for CulnS 2 f 17]. It was found that δ also for this compound increased, viz. from 
.11)· 
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CHAPTER IV 
CVl GROWTH OF CuInS, AND CuGaS., 
ζ 2 
Part I Evidence for VLS growth with 
Cul as liquid phase 
ABSTRACT 
Single crystals of the chalcopynte compounds CuInS and CuGaS were 
grown by chemical vapour transport (CVT), with iodine as transporting agent. 
Surface microtopographic studies of these crystals by means of optical 
microscopy, scanning electron microscopy and X-ray microanalysis showed that 
vapour-liquid-solid (VLS) growth with Cul as liquid phase plays a main role 
during crystal growth. The VLS mechanism gives an explanation for the dis­
crepancy between the experimental morphology -hollow needles and thin plate­
lets generally- and the theoretical octahedron-like morphology. The occur­
rence of a liquid Cui phase is confirmed for both the Cu-In-S-I and the 
Cu-Ga-S-I system by thermodynamic calculations of the vapour phase composi­
tion. 
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1. Introduction 
Chemical vapour transport (CVT) is a well known technique for growth of 
single crystals with high melting points. This method can be quite useful 
for lower temperature growth of crystals, which cannot be grown from their 
melt or from a high temperature flux, because of several reasons, such as 
a solid state phase transition which must be passed during cooling or eva-
poration of one or more of the components out of the melt or flux. A de-
tailed description of this CVT technique is given in a monograph by 
Schäfer [ 1 ] , whereas more theoretical aspects of the gasphase transport 
mechanism are reported by Nolang and Richardson [2,3 ] . 
Crystals grown by this method show a wide variety of non-equilibrium 
shapes, such as prismatic columns [ 4 ] , hollow and solid rods or needles 
[ 5,6,7 ] , very thin platelets [ 8 ] and dendrites [ 9 ] . Even one and the 
same kind of crystal can manifest itself in numerous growth forms as was 
shown by Kaldis for CdS crystals [ 9 ] . Most of these forms, especially the 
hollow needles, thin platelets and dendrites, indicate that at least in 
directions with the highest growth rates, growth is mainly controlled by 
volume diffusion or heat transport. This in agreement with the results of 
Nolang and Richardson. On the basis of a comparison of the actual growth 
rate of the crystals with a calculated rate they showed that crystal growth 
in CVT systems is generally limited by gas phase transport [ 3 ]. 
Up to now only a few authors have examined the growth mechanisms of CV1 
grown crystals using surface microtopography in order to verify whether 
growth takes place via spiral growth nucleation or by another mechanism 
[ 7,9 ]. In addition, most interest was focussed in these studies on the 
side faces of the plates, needles or prisms, the growth rate of which was 
in general limited by surface kinetics. A microtopographic investigation 
that particularly dealt with the growth mechanism of the top faces of needles 
and the narrow side faces of plates was carried out by Nittono et al. [ 10 J . 
They grew copper whiskers via hydrogen reduction of cuprous iodine vapour, 
by making use of rather a chemical vapour deposition (CVD) than a CVT 
technique. It was concluded from their observations by means of scanning 
electron microscopy and X-ray microanalysis that growth of the needle tops 
and lateral expansion of the needles and platelets proceed via a vapour-
llquid-solid (VLS) mechanism, with Cul as liquid agent. In the present 
paper and in a subsequent one [ 11 ] (referred to as part II in the folio-
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Ръд. 1 Morphologies of CVT дгоып CuInS^ and CuGaS^ crystals. 
(a) Needle-like shape with the longitudinal axis parallel 
to <111>, observed for both ahaloopyrite compounds, (b) Needle­
like shape with the axis parallel to <110> observed for a part 
of the CuGaS0 crystals, (c) Vhroretically predicted octahedron-
like shape limited by 1112} and {011} planes. 
wing), the growth properties of CVT grown CuInS and CuGaS single crystals 
are described in detail. 
The CuInS- and CuGaS crystals were grown in order to obtain suitable 
samples for further optical and electrical experiments. For CuInS. this 
method is particularly important, because growth from its own melt is hin­
dered by the solid state phase transition from zincblende to chalcopynte 
[12,13 ] . The first to report on CVT growth of chaJcogemde chalcopyntes 
was Honeyman [ 14 j , who in this way ontained CuAlS needles (2 cm long and 
several mm wide) and platelets (several mm wide and about 100 um thick). 
Paorici et al. [ lb ] dealt with CVT growth of CuInS^ and CuGaS . They com­
pared growth in a stationary temperature profile with that in a time-vary­
ing temperature profile. The time-varying temperature profile method leads 
to a two to four fold increase in crystal dimensions. 
Verheizen ( 16 ] carried out CVT growth of CuInS. and CuGaS . He obtained 
crystals with a needle-like shape, as shown in figs, la and lb, and plate­
like crystals. Both kinds of crystals were limited by {112 }, { 112} and 
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{Oil } facets. On the basis of a periodic bond chain (PBC) analysis it was 
shown by Verheizen and Bennema [ 16,17 ] that the theoretical shape for 
crystals with chalcopyrite structure is octahedron-like (see fig. 1c), the 
bounding facets being the also experimentally observed {112 }, {112 } and 
{011} faces. In spite of the agreement between observed and predicted faces, 
the CuInS and CuGaS crystals do not have the predicted octahedron-like 
shape. In the present study it will be shown that this difference between 
theory and experiment can be explained on the basis of VLS growth, which 
takes place especially at the tops of the needles. In part II an extended 
description will be given of the VLS mechanisms as well as of the occurring 
vapour-solid (VS) growth forms. 
2. Experimental 
2.1 Crystal Growth 
Crystals of CuInS and CuGaS were grown by the "ordinary" stationary 
temperature profile or the time-varying temperature profile method [ 15 ] . 
In both cases, the quartz ampoules employed were 200 mm in length with a 
diameter of 15 nun. They were cleaned according to the procedure given in 
ref. [ 18 ] . CuInS. or CuGaS , prepared as described in ref. [ 12 ] , were 
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added to the ampoule together with an amount of iodine (5 mg cm ). In 
the stationary profile method source temperatures of 800 to 850 С and de­
position temperatures of 750 to 800 С were used, the temperature differ­
ence always being 50 C. A better control of the nucleation can be achieved 
using the time varying temperature profile method by slowly increasing the 
temperature difference between source and deposition ends up to its final 
value of 50 C. This method was carried out in a similar way as reported 
by Paonci et al. [ 15 ] , with a final source temperature of 850 С and a 
deposition temperature of Θ00 C. For both methods the growth period was 
about 10 days. The experiments were terminated by shifting the ampoule 
out of the furnace in such a way that the source end was the first to 
cool down with about half of the ampoule still inside the furnace. In this 
way a small temperature gradient was maintained over the ampoule during 
cooling in order to prevent precipitation of iodine on the crystals. This 
shut off procedure at the end of the experiment, during which the ampoule 
was allowed to cool down within a few minutes, was carried out in order to 
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minimize secondary effects, leading to artifacts on the surface topographs. 
The stationary temperature profile method yielded about hundred, generally 
needle-like, crystals with a maximum size of 10x1.5x1 mm . By means of the 
time varying temperature profile method the number of crystals decreased 
to about ten, while their size increased, up to a maximal size of 
20x4x2 mm . These observations are similar to those reported by Paorici et 
al. [ 15 ] . 
No differences in surface morphology between crystals prepared by either 
method were observed (see section 3). 
2.2 Charge te nzation 
Observation of the side faces of the needles and the upper and lower 
faces of the platelets was carried out with the aid of a reflection dif-
ferential interference contrast microscope, combined with standard fine 
f 
grain photographic emulsions. In this way it was possible to reveal rather 
low inclinations and height differences, at the crystal surface. 
For obtaining a clear three-dimensional view of needle tops and of soli-
dified droplets on the crystal faces use was made of a scanning electron 
microscope (SEM) . Determination of the composition of the solidified rem-
nants of the liquid agent, that governed the VLS growth process, was car-
ried out by means of X-ray (EDAX) microanalysis. 
3. Observations and interpretation 
3.1 Surj'aae mcrotopography 
Figures 2a and b show characteristic examples of two-dimensional VLS 
growth patterns on the (112 } needle side faces or top and bottom platelet 
surfaces of CuInS of CuGaS crystals respectively. Similar VLS growth fea-
tures, due to the presence of a liquid phase on the crystal surface in the 
shape of droplets or liquid "frills" at step edges were also observed by 
Lemmlein et al. on paratoluedine [ 19 ] , Tairov et al. on SiC [ 20 ] , 
Kobayashi on ice [ 21 ] and van Enckevort and Graef on silicon [ 22 1 . In 
contrast to these cases, where each crystal established its own particular 
two-dimensional VLS growth pattern, for the two chalcopynte-like crystals 
a wide variety of surface morphologies caused by this mechanism was found. 
This abundance of growth forms will be treated in detail in part II. 
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Fig. 2 Examples of two-dimensional VLS growth patterns, (a) Closed loop 
steps generated by repeated nualeation via a droplet on CuInS„. 
(b) Protuberances, with a central depression on CuGaS«. (Differen-
tial interference contrast micrographs). 
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The limiting faces of the CuInS» needles appear to be {112 } and 
{011} as was determined by optical goniometry. The longitudinal axis is 
parallel to <111 > (fig. la). These observations were also reported by 
Verheijen and Bennema ( 16,17 ] . For CuGaS two kinds of needles were 
found: (i) Needles with exactly the same habit as CuInS ; (ii) needles, of 
which the axis coincides with the <110> direction and with only {112} faces 
parallel to the needle axis (fig. lb). Most needles are hollow and posses 
inclusions as indicated in figures la and b. A description of the shape and 
the formation mechanism of these cavities will be presented in part II. 
In general the top faces of the needles are not limited by crystallo-
graphic planes but are rounded off smoothly as can be seen in fig. 3. For 
some of the CuGaS„ needles very rough top faces were observed as shown in 
fig. 4. From morphological considerations, however, it is to be expected 
that these top faces are limited by crystallographic {112 } and { 011} 
planes, just like the side faces of the needles. This rounding off of the 
needle tops can be understood in terms of the presence of a liquid-like 
film covering the surface which induces VLS growth at these tops. This 
VLS growth -which accelerates growth along the needle axis and thus accounts 
for the oblong form of the crystals- can easily lead to normal growth 
Fig, 3 Non-faoetted needle tops, (a) CuInS^ (SEM miarograph) (Ъ) CuGaS 
(optical miarograph). 
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Fig. 4 Rough needle top, showing a granular surface structure, observed 
for CuGaS9. Similar growth features were also observed on the nar­
row side faces of CuGaS„ platelets (optical micrograph). 
[23,24] so that the faces are no longer singular but become rounded off 
[24,25 ] . Also the roughness of the top faces of some CuGaS„ needles xs a 
result of a VLS growth process. Here the liquid-film might have been much 
thicker than in the case of the smooth top faces (CuInS and remaining 
CuGaS needles). The same growth features as observed at the needle tops 
were also seen on many of the narrow side faces of the CuInS and CuGaS 
platelets, indicating that platelet expansion also proceeds via a VLS 
growth mechanism. A similar VLS growth of platelet-like crystals was repor­
ted earlier by Givargirov for CdSe [ 26,27 ]. Further details of the vapour-
liquid-solid growth mechanisms at needle tops and platelet side faces will 
be given in part II. 
From the microtopographic observations (see also part II) it is evident 
that VLS growth plays an essential role during CVT growth of CuInS and 
CuGaS crystals. The occurrence of VLS growth at needle tops and at the 
narrow side faces of platelets (giving higher growth rates than for the 
other faces, where growth generally proceeds via a vapour-solid (VS) mecha­
nism [ 27 ] as shown in part II) explains the discrepancy between the theor­
etically deduced octahedron-like shape and the observed needle- or platelet­
like habit. 
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3.2. X-ray miaroanalysis 
On the surface of many crystals for which the temperature gradient 
during the shut off procedure (section 2.1) was kept as low as possible, 
but just sufficiently high to prevent iodine precipitation, or of crystals 
with very well developed VLS growth patterns, numerous particles can be 
seen as shown in figure 5. These particles being 0.5 to 5 pro in diameter 
are colourless or brownish white and transparant as could be verified by 
means of optical microscopy. Often they occur as cubic-like or rectangular 
crystallites, in other cases they do not have a crystal-like appearance. 
These deposits cannot be attributed to iodine precipitates, formed during 
cooling at the end of the growth experiment, since the iodine particles 
have a black and opaque appearance. From the close relationship between the 
Fig. 5 Two dimensional VLS growth pattern on a CuInS* arystal with soli-
dified remnants of the liquid phase (differential interference con-
trast micrograph). 
3S 
Ргд. 6 Difference in X-ray intensity hi (arbitrary units) between an area 
covered with a solidified remnant of a former liquid phase and an 
adjacent clean surface area versus the photon energy as determined 
by EDAX-analysis. (a) CuInS (b) CuGaS„. 
locations of the transparant deposits and the surface patterns characteris­
tic for two-dimensional VLS growth (see fig. 5), it can be concluded that 
these deposits are solidified remnants of the liquid phase that governed 
the VLS growth process. 
In order to obtain information on the chemical composition of these soli­
dified remnants X-ray microanalysis (energy dispersive: EDAX) was carried 
out. Since the penetration depth of the electron bundle ('^ 5-20vm) was much 
higher than the particle thickness ('з-Зут) it was necessary to make a cor­
rection for the "background" region, being the CuInS or CuGaS crystal it­
self. This was carried out by measuring the X-ray intensity (counts per 
second) as a function of the photon energy, both in the region of a particle 
and for a clean surface area in the neighbourhood. From this the dependence 
of the difference in X-ray intensity between both surface areas on the photon 
energy, which is a measure for the difference in composition between the 
particle and the crystal, can be obtained. Examples of such curves are given 
in figures 6a and 6b for CuInS and CuGaS respectively. From these curves 
the conclusion could be drawn that the liquid agent for VLS growth of CuGaS 
crystals is almost pure Cui, whereas for CuInS the liquid consists of a 
mixture of Cui and Inl/lnl with a widely varying composition. Analysis 
of a clean surface area alone showed that no detectable amount of iodine 
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(i.e. less than 2 mol %) is present in the bulk of the crystals. A simi­
lar X-ray microanalysis of solidified remnants of the liquid phase was 
also carried out for needle tops. This yielded the same results as for 
the two-dimensional VLS growth patterns. 
From the microtopographical observations and the X-ray microanalysis 
it is evident that VLS growth mechanisms with Cui as liquid agent play a 
main role in the CVT growth of CuGaS and CuInS . In addition to VLS 
growth also VS growth is commonly encountered on the crystal faces, es­
pecially on CuGaS platelets and needles and CuInS platelets (see part 
II). 
4. Thermodynamic analysis 
In this section the results of equilibrium calculations will be presen­
ted for the systems Cu-In-S-I and Cu-Ga-S-I. These calculations were car­
ried out under the assumption that the reaction rates for the heterogeneous 
reactions are so high that the equilibrium state is reached in the immediate 
vicinity of the growing surface. In that case thermodynamic calculations can 
give information about the influence of temperature and input composition 
on the vapour phase and the presence of condensed phases [ 1 ] . This infor­
mation may be useful for the interpretation of the observed crystal morpho­
logy and the choice of suitable conditions for crystal growth. 
Equilibrium compositions for a given temperature, pressure and input com­
position were calculated by means of a computer program, using minimaliza-
tion of the Gibbs energy, for the systems Cu-In-S-I and Cu-Ga-S-I at tempe­
ratures in the range 720-830 C. In this range the crystal growth experi­
ments of CuInS7 and CuGaS. were carried out (see section 2.1). 
The program was capable of handling a condensed phase of a species, which 
does not occur in the gasphase, viz. the ternary compounds, CuInS and 
CuGaS». The thermodynamic data (enthalpy, entropy and specific heat values) 
needed for the equilibrium calculations were taken from refs [ 2Θ-34] and 
in some cases estimated according to Sirtle [ 35 ] or Kubaschewski [ 36 ] . 
For the Cu-In-S-I system, the following components were taken into ac­
count CuInS.(s), Cu (s) and (g), In (1) and (g), S (g) with n=l to 8, 
K g ) , I2(g), InS(s) and (g) , CuS (s) and (g) , Cul(l) and (g) , (Cul) (g) 
with n=2,3,4, Cul (g), Ini(g), Ini (g), In S(g) and In S. (g). In the calcu­
lations for the Cu-Ga-S-I system the following components were included: 
CuGaS2(s), Cu(s) and (g) , Ga(l) and (g) , S2(g) with n=l to 8, K g ) , іЛд), 
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Fig. 7 Computed partial pressures at a total pressure of 1.8 atm aorres-
ponding to an amount of iodine of 5 mg am : (a)for the system 
Cu-In-S-I, (b) for the system Cu-Ga-S-I. The dashed lines indicate 
the saturation vapour pressure of Cui. At temperatures below the 
intersection point-indicated by a circle-liquid Cui is present in 
the system. 
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GaS(s) and (g), CuS(s) and (g), Cul(l) and (g), (Cul) (g) with n=2,3,4, 
Cul9(g), Gai(g), (Gai ) (g) with n=l,2 and Ga S(g). The input-composition 
consisted of solid CuInS or CuGaS and an amount of iodine in the gas-
-3 
phase in accordance with the experimental quantity of 5 mg cm . The results 
of the calculations for the Cu-In-S-I system and the Cu-Ga-S-I system are 
shown m figures 7a and b respectively. Components having partial pressures 
-10 less than 10 atm have been excluded from these graphs. CuInS and CuGaS 
are present as a solid over the whole temperature range considered. For the 
Cu-In-S-I system no other condensed phases are stable above 735 C, but be-
below 735 С Cul reaches its saturation vapour pressure, which leads to the 
presence of liquid Cui. In the Cu-Ga-S-I system Cul(l) is present as an 
additional condensed phase up to 755 C. All other components only occur 
in the gas phase. The formation of liquid Cui according to the thermodynamic 
calculations is in good agreement with the experimental observations (see 
section 3), which show the presence of liquid Cui, although the actual 
growth temperatures (750 - 800 C) were slightly higher than the critical 
values of 735 and 755 C. This can be explained by the uncertainty of these 
critical values due to the uncertainty of the thermodynamic data of some 
components. Further the saturation pressure of Cui will decrease by dis­
solution of Gal, Ini and other components in the liquid. This dissolution 
was especially observed for Ini, see section 3. The lowering of the satura­
tion pressure means that the intersection -temperature of the saturation 
pressure curve and the p„ curve increases. So it can be concluded that r
 Cui 
at the growth temperatures Cui is likely to be present as a liquid phase. 
Preliminary growth experiments for CuInS at high temperatures (900-
1000 C) yielded crystals with only vapour-solid (VS) growth patterns. Thus 
in these cases no VLS growth takes place, which indicates that no liquid 
Cui (Cul-Inl/Inl ) is formed. These experiments are in agreement with the 
prediction -based on thermodynaraical calculations- that there should be a 
transition from simultaneous VLS-VS growth to pure VS growth at higher tem­
peratures. 
5. Conclusions 
In the present study it is shown that during growth of the chalcopynte 
crystals CuInS and CuGaS by the CVT method with iodine as transporting 
agent, VLS mechanisms with Cui as liquid phase play a main role. This was 
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deduced both experimentally by means of microtopography and X-ray micro-
analysis and theoretically by equilibrium calculations of the vapour phase 
composition. The occurrence of VLS growth strongly affects the final 
shape of the crystals, resulting m the formation of crystals with a 
needle-like or platelet-like shape instead of the theoretically pre-
dicted octahedron-like shape. Since in literature the same needle and 
platelet-like shapes were reported for numerous other CVT grown crystals, 
it may be quite interesting to carry out a detailed surface microtopogra-
phic study of these crystals from the point of view of VLS growth. 
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CHAPTER V 
CVT GROWTH OF CuInS AND CuGaS, 
Part II. Detailed surface microtopographic 
study on the various VLS growth 
mechanisms 
ABSTRACT 
Detailed surface microtopographic studies of CuInS and CuGaS^ 
crystals grown by chemical vapour transport (CVT), with iodine as trans-
porting agent, by means of highly sensitive optical reflection differen-
tial interference and phase contrast microscopy, completed with scanning 
electron microscopy revealed a wide variety of vapour-liquid-solid (VLS) 
growth patterns, with Cul as liquid phase. Two modes of VLS growth could 
be discerned: (i) Two-dimensional VLS growth, leading to the formation 
of closed loop steps, surface dendrites, protuberances, macro steps with 
liquid fronts and surface patterns resulting from growth via a liquid 
film. (11) Growth of needle tops and narrow side faces of platelets, 
which are mostly non-facetted, via a liquid Cui film, leading to normal 
growth above the roughening point. The observed large diversity in mor-
phology of the crystals, which occurred as generally hollow needles, 
thin platelets, whiskers, spheroids and goblet-like crystals is inter-
preted in terms of an interplay of this second mode of VLS growth and 
mass or heat transport limited growth. Besides VLS, also vapour-solid 
growth patterns, such as growth spirals with very low step heights 
( 3-50 4), were commonly observed on the needle side faces and the top 
and bottom surfaces of platelets. The observed wide variety of surface 
morphologies is discussed in terms of surface roughness in relation to 
the occurrence of a roughening transition, deduced from recent Monte 
Carlo simulation experiments. 
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1. Introduction 
In the previous paper, [l] (referred to as part I in the following 
it was shown that VLS growth, with Cui as liquid agent, plays a mam 
role during growth of CuInS, and CuGaS. crystals by the CVT (Chemical 
Vapour Transport) method. This was demonstrated with the aid of surface 
microtopography by application of optical and scanning electron micros­
copy and by means of X-ray microanalysis (EDAX). Thermodynamic calcula­
tions of the vapour phase composition in the closed tube systems con­
firmed the occurrence of liquid Cui for both the Cu-In-S-I system and 
the Cu-Ga-S-I system. On both chalcopynte-like crystals a wide variety 
of the many types of VLS growth patterns, each being particularly inter­
esting, were observed. 
VLS (Vapour-Liquid-Solid) growth is a well known and thoroughly 
studied crystal growth mechanism, discovered by Wagner and Ellis [2,3] 
for the case of whisker growth via a liquid droplet at the tops of the 
needles. Characteristic for VLS growth is the occurrence of a liquid 
layer or droplet, situated between the vapour and the growing crystal. 
This liquid layer - the surface of which being a preferred site for de-
comosition from the vapour [4] in addition - lowers the nucleation bar­
rier for crystal growth at the liquid-solid interface with respect to 
the vapour-solid interface [5]. Crystal growth via VLS can thus proceed 
at a rauch higher rate than via a VS (Vapour-Solid) mechanism. VLS growth 
manifests jtself in a wide variety of forms such as: (i) Growth of 
whiskers via a liquid droplet at their tops, which is the most exten­
sively investigated type of VLS growtli [2-8]. (n) Two-dimensional VLS 
growth [4], yielding several kinds of growth patterns on crystal sur­
faces, like closed loop steps generated by a central liquid droplet 
[4,9,10], protuberances [7,9,11-13] and macro steps, the advancement 
of which is controlled by α liquid "frill" at the step fronts [10,14]. 
( m ) Growth via a liquid film on the surface of the crystal [15]. 
(iv) Thin platelet growth via the vapour-liquid-solid mechanism [4,6,16]. 
The aim of the present study is to carry out a very detailed sur­
face nn crotopographic examination of the numerous kinds of growth fea­
tures related to VLS growth, as well as of a few characteristics con­
nected with VS growth, on the faces of CuInS^ and CuGaS^, crystals m 
order to get a deeper understanding of these pehnomena. The observu-
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tions on the crystal faces are performed with the aid of highly sensi-
tive optical reflection differential interference contrast and phase 
contrast microscopy as well as with scanning electron microscopy. Both 
optical methods, combined with high contrast photographic emulsions, 
have proven to be extremely powerful to reveal very low inclinations 
and step heights, typically 10 Ä, as was shown by the surface micro-
topographic studies of hematite [17], SiC [18], KCl [19], potash alum 
[?0,2l] and KDP [22]. This detailed examination subsequently serves as 
a starting point for a phenomenological interpretation of the various 
VLS (and some VS) growth patterns on basis of several crystal growth 
models. These include concepts like nuclcation and normal growth [23], 
spiral growth [24], roughening transition [23] and mass or heat trans-
port as a crystal shape controlling factor [25] 
2. Observation methods 
The needle or platelet-like [1,26,27] CuInS„ and CuGaS crystals, 
which were grown by the chemical vapour transport method (with iodine 
as transporting agent) in the manner as described m part I, were 
characterized by the following microtopographic techniques 
(i) Optical reflection differential interference contrast micros-
copy after Nomarski [28] and Françon [29] combined with standard fine 
grain photographic emulsions. This method, which is applied to observe 
the side faces of needles and the top and bottom faces of platelets, 
is capable to reveal extremely low inclinations (" 0.05 degrees) and 
height differences as small as 10 A. This method is especially suit-
able to inspect slightly waved or rugged surfaces. 
(n) Optical reflection phase contrast microscopy after Zernike 
[30], combined with a high contrast photographic film. By making use 
of a good quality microscope (in the present case a metallurgical 
Reichert Me F II microscope was used), fitted with a high absorption 
(^  95%) phase plate, height differences as low as 2 A can be revealed. 
This extremely high sensitivity allows the observation of very low steps 
on the side faces of needles and the upper and lower faces of platelets. 
Especially for studying VS growth surface patterns on both kinds of chal-
copynte-like crystals this method has proven to be extremely powerful. 
Reviews on surface microtopography by optical reflection microscopy are 
written by Komatsu [31] and Sunagawa [32]. 
4S 
(in) Optical bright field transmission microscopy in order to in-
vestigate the bulk of the crystals, for examination of inclusionb and 
negative dendritic growth forms, using visible light for CuGaS. and in-
frared light for the opaque CuInS crystals. 
(iv) Scanning electron microscopy (SEM) for obtaining a clear three-
dimenbional view of several VLS growth features, in particular those 
occurring at needle tops or narrow side faces of platelets. 
3. Some aspects of two-dimensional VLS growth 
Two-dimensional VLS growth occurring on the (112} and {ÏÏ2) faces 
of CuInS. and CuGaS, crystals manifests itself in a wide variety of 
surface patterns. These growth forms can be classified into throe main 
categories, viz. stationary VLS, non-stationary VLS and growth via a 
liquid film. 
J. 1 "oia^bOiVunj" ' JS jrowtn 
In this category are classified all the growth features resulting 
from a localized liquid phase, which does not move on the crystal faces 
during the growth process. These were found m three principal configu-
rations. 
(l
' í:""íií2GtEiE_EÍ:9Eí^ _Í29P_5í?í?5 (Για· I and also fig. 2a in part I) 
Near the centre of these growth features clearly a remnant of the li­
quid phase, manifesting as a solidified droplet, can be recognized. 
During growth this droplet functioned as a step source, generating more 
or loss periodically new thick layers, winch expand laterally over the 
crystal surface. Probably this expansion proceeds via a VS mechanism, 
since no remnants of a liquid phase were ever observed near the steps. 
The preferred nucleation of new growth layers underneath the droplet 
can be understood in terms of a VLS growth mechanism, for which the 
nucleation barrier for the formation of a new layer is much lower for 
the solid-fluid interface under the droplet than for the gas-solid in­
terface elswhere on the crystal surface. A similar periodic generation 
of closed loop steps via VLS growth was observed by Yoda on MoO. [9] 
and by Kobayashi on ice [10]. Each of them gave his own explanation for 
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Fia. 1. Repeated formation of closed loop steps by a aentrai droplet 
on CuGaS (differential interference contrast micrograph). 
•Ç^fA·^ 
Fig. 2. Groiith islands on CuGaS„, formed via a two-dimensional VLS 
growth mechanism. All stages of development can be discerned 
(differential interference contrast micrograph). 
SO 
this periodicity. For the present case it is not clear whether the pe­
riodicity in the repeated nucleation process should be interpreted anal­
ogous to Yoda's model, where nucleation takeb place around the droplet 
or to Kobayashi'o model where new layer generation occurs below the 
droplet. 
(11) Flat-tO]_>ped_growth inlands (fig. 2). The growth mechanism of 
these elevations is very similar to the former case: the occurrence of 
a droplet generates a circular growth hillock due to VLS growth. But 
now for some reason the droplet disappears and thus no repeated nuclea­
tion takes place. On hillocks in the first stage of development often 
some remnants of the liquid phase in the shape of crystalline particles 
can be recognized. Further - lateral - growth of the islands proceeds 
via a VS growth mechanism or via VLS growth due to the presence of a 
liquid front at the edges of the islands, leading to a flattening of 
the hillock followed by a weakening of the contours until they become 
invisible. That the formation of these elevations is not a secondary 
effect due to the shut off procedure at the end of the growth experiment 
can clearly be deduced from micrograph 2 in winch all stages of the 
growth history of the hillocks can be recognized. When these hillocks 
were an artifact caused at the termination of the experiment it is to 
be expected that these would appear more or less at the same stage of 
development, which is in contrast to the actual observation. 
(ill) Rectilinear growth forms related to twin boundaries, slip 
lines but also on defect free surface area (fig. J). On many CuGaS9 
crystals (rarely on CuInS,,) numerous solidified droplets, well develop­
ed growth hillocks and protuberances were found to occur in extended 
rows. The protuberances are formed by non-stationary VLS growth (see 
section 3.2.) . Since all the growth hillocks and protuberances were at 
the same stage of development and no older remnants, being more or less 
faded out by VS growth, were observed, it can be concluded that these 
surface phenomena were formed during the shut off procedure at the end 
of the experiment. From this it is strongly suggested that, due to α 
change in surface tension during cooling off, a rectilinear liquid layer 
contracted to droplets leading to the formation of these artifacts or­
dered in a row. Very often the location of this linear liquid layer 
coincides with a twin boundary (or other planar defect) outcrop at the 
crystal surface. 
SI 
•.- ^,^Γ • ϊ ^ ^ ^ ь ^ 
t 
• · * 
fíf/, 3. Two-dimensional VLS grovth from reatitinear surface area on 
CuGaSr,. The vrotuberanaes are due to a contraction of the 
liquid layer during cooling off at the end of the growht ex-
periment. (a) VLS growth governed by a 'liquid line along' 
twin boundary (T). (b) VLS growth from an array of parallel 
'liquid lines'. (Differential interference contrast micro-
graphs). 
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Аічо parallel steps originating from the former position of the 
rectilinear liquid line - i.e. the ordered row of protuberances and hil-
Іоскь - could be observed. In fig. 3a these steps arose from a liquid 
line at a twin boundary (TB in fig. 3, also appearing at the opposite 
face of the crystal) along which the artifacts, formed during cooling 
off, are ordered. In fig. 3b a kind of grooves at the former locatio-is 
of the liquid lines become apparent, probably most of them are not re­
lated to crystal defects, since they could not be revealed at the back 
side of the crystal. From these observations it is suggosted that dur­
ing crystal growth a rectilinear liquid layer coinciding with a planar 
defect outcrop, such as a twin line and sometimes occurring in a perfect 
region, generates new - laterally spreading - growth layers due to a 
VLS growth mechanism. A similar VLb mechanism, when tne liquid, func­
tioning as a step source, is concentrated near (mero) twin lines was 
reported by Givargirov for epitaxially grown Si and Go [4]. 
3.2 ".on otatioriamj" VLS jcowth 
In contrast to the stationary VLS growth patterns, to this cate­
gory belong all the surface patterns that arc a result of two-dinen-
sional VLS growth in which a moving liquid phase is involved. This non-
stationary VLS growth can manifest itself in the following two ways 
(i) Growth via droplets running over the crystal surface, leading 
to the formation of Pf^t^bcranccs (figs. 3, 4 and also fig. 2b in part I). 
Since these protuberances were always found to occur at the same btage 
of development it can be concluded, for the sane reasons as mentioned 
in the foregoing section, that these growth features are a result of the 
shut off procedure at the end of a growth experiment During this cool­
ing off a more extended liquid layer contracts to droplets, which run 
over the crystal surface, leaving a trace like a snail. This may be 
caused by VLS growth or be generated by liquid-solid (LS) growth due to 
a decrease in solubility of CuGaS„ or CuInS in the liquid droplet with 
decreasing temperature. Similar growth features were also observed by 
Lemmlein et al. on paratoluidine crystals [11], Yoda on Mo0_ [9], 
Sickafus and Barker on NiBr [12] and by Tairov et al. on SiC [13]. 
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'"'ρ. 'Ί· fdvan?enent of nasroo^s^'O poverred by the ^rpspn?e of η 
.'ûiaid frort. Din'vn coo' irò off a * '4 en/1 of the czr^evi-
ricf't the Zimiid oontraots to isolated drorlctSj leadinn to 
the formation of vroiuberanoos in fron! of the step, (a) Dif-
ferential interference contrast rricronraph of suah a stev on 
CulaSc,. (b) Differential interference contrast micrograph of 
a nacrostev on CuInSn. (c) Cchenatic revresentation of the 
ft rmation of vro+itberanees at the end of tlie growth exreri-
nen t. 
In the cases reported in literature, however, these protuberances play 
an essential role during growth and are not an artifact formed during 
the termination procedure of an experiment; also their formation mecha-
nism is quite different. 
Λ quite interesting phenomenon is that, in general, the droplets 
run moie or less in the same direction during cooling of, as can be 
deduced from the parallel orientations of the protuberances. This can 
clearly bo seen in figures ¿-4 and fig. 2b of part I. The preferred 
orientation of the protuberances can be understood on basis of the oc-
currence of a temperature gradient over the crystal surface during cool-
ing off, in the same way аь described by Weyher for horizontal VLS 
growth of Si via a Si-Pt alloy which is enhanced by a horizontal temper­
ature gradient over the substrate [7]. 
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Fig. S. Surface dendrites and growth islands on a singular and a 
non-singular side-face of a CuInS. needle (differential in-
terference contrast micrograph). 
(ii) Growth via macro steps, the advancement of which is accelerat-
ed by VLS growth, induced by the presence of a liquid "frill" at the 
step fronts {fig. 4 and also fig. 2b in part I). The protuberances com-
monly observed at the step edges are caused by a contraction of the 
- rectilinear - liquid growth front at the steps to - moving - droplets 
during the cooling off procedure as depicted in fig. 4. Similar steps 
accelerated via two-dimensional VLS growth were observed by Kobayashi 
on ice [10] and by van Enckevort and Graef on silicon [14]. 
Often these steps originate from the edges of the crystal, especial-
ly for CuGaS platelets as can for instance be seen in figs. 2, 4 and 
fig. 2b in part I. It is strongly suggested that this generation of VLS 
accelerated staps at the platelet edges is induced by the presence of 
a well developed liquid layer at the narrow side faces of the crystal 
plates, that was responsible for the platelet expansion as pointed out 
in part I and in section 4.1. An analogous mechanism for step generation 
was given by Nittono et. al. for growth of the side faces of copper 
whiskers [33]. 
A special case of growth via steps with a liquid front is the for-
mation of two-dimensional - surface - dendrites and islands on the side 
faces of many CuInS,, needles as shown in fig. 5. The height of these 
surface features ranges from a few tens to several hundred of Angstroms. 
On the interference contrast micrograph it can clearly be seen that 
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these dendrites even continue on a non-singular surface (NS), a phenome­
non which cannot be explained by ordinary VS growth. The only possible 
mechanism which can account for this is two-dimensional VLS growth that 
proceeds via a liquid phase present at the step fronts of the surface 
dendrites and islands. During this growth process the step advancement 
rate is so high that mass or heat transport becomes rate determining, 
leading to dendrite formation. 
3.3. VLS growth via a liquid film on the ату stal surfaae 
For numerous CuInS„ needles and CuGaS platelets and needles a com­
pletely flat and featureless surface morphology could be revealed. Even 
after application of highly sensitive phase contrast microscopy, combined 
with high contrast photographic emulsions, no steps, nor hillocks, nor 
bunch formation, but only irregular height variations of a few Angstroms, 
which can be recognized as dots of a few microns in diameter could be 
observed (fig. 6). In many cases also faces which are not crystallo-
Fig. 6. Phase contrast micrograph of a typical surface area on a 
side face of a CuInS9 needle, where growth proceeds via a 
VLS mechanism involving a liquid-like layer. 
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graphic but rounded off in all possible directions could be discerned. 
Thebe surface phenomena point to the occurrence of a liquid layer on 
the crystal surface, so that growth proceeds via 2D nucleation, involv­
ing a small critical nucleus size. For the non-crystallographic sur­
faces this critical nucleus size approaches one growth unit so that the 
solid-liquid interface behaves like a rough face and growth proceeds via 
a normal growth mechanism [23]. A detailed discubSion on the phenomena 
of 2D nucleation via a small critical nucleus and of normal growth, due 
to the occurrence of a liquid layer, which lowers the interfacial energy 
at the crystal surface with respect to the VS system, will be given in 
chapter 5. 
During the shut off procedure at the end of the experiment this 
liquid layer can contract to droplets, leading to the formation of some 
isolated protuberances or growth hillocks. A similar rupture of a li­
quid layer on gas phase grown crystals leading to the formation of 
growth hillocks was observed by Zlomanov et al. on lead selenide [IS]. 
3.4. V^PLOUS other aspects 
(i) The shut off procedure leads for the CuGaS^, platelets to the 
formation of protuberances and growth hillocks of the type as shown in 
fig. 3 and fig. 2b in part I. The rate determining step in this VLS 
growth process is obviously volume diffusion in the liquid droplet. This 
is demonstrated with the aid of fig. 7 Volume diffusion of solute via 
path 1, near the edge of the droplet, will proceed considerably faster 
than via path 2, near the centre, since the concentration gradient in 
region 1 is much higher than in region 2. Here it is assumed that the 
supersaturation is constant at the whole solid-fluid interface as well 
at the whole liquid-gas interface. So, when volume diffusion is rate 
determining the growth rate will be highest near the edge and lowest 
Volume diffusion control If d VLS arovtk. 
The dashed l*'nrs arc 
eauiconcentratron lines. 
ρ is th( contact annle of the droplrt. 
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near the centre of the droplet, which means that under the droplet the 
formation of a crater can be expected. Indeed, craters have been develop-
ed as can for instance be seen in fig. 3a. When the droplet moves on 
the surface, leaving a protuberance, it is now to be expected that the 
edges of this trace are higher than the central part. Actually these 
groove-like protuberances were very commonly observed. A few well devel-
oped specimens are given in fig. 2b in part I, where the depressed 
areas are denoted by an arrow. 
(ii) Besides VLS growth also VS growth occurs very commonly on the 
crystal faces, especially on CuGaS9 platelets and needles and on CuInS 
platelets. This can give rise to the formation of single or groups of 
cooperating growth spirals on the crystal surfaces [24] as shown in 
fig. 8. On this phase contrast micrograph some spiral centres (step 
height, estimated from the contrast, about 5 Ä), which are indicated 
Fig. 8. Phase contrast marogravh of VS and VLS growth patterns on 
CuInSp. The well developed growth -islands, bounded by macro-
steps are remnants of VLS growth, whereas the spirals on top 
of one of these islands are a result of VS growth. 
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by arrows can be seen on top of one of the circular islands, formed via 
a VLS growth mechanism as described in section 3.1. (11). In general 
the separation between successive spiral arms, γ , has an order of mag­
nitude of 10 ,j, which means that the radius of the critical two-dimen­
sional nucleus for growth via a VS mechanism (y /19, [34]) equals about 
0.5 u. For VLS growth this 2D nucleus size is much smaller, approaching 
one growth unit for the case of normal growth via a liquid film giving 
curved non-crystallographic faces as will be pointed out extensively m 
chapter 5. That the growth islands are not a result of spiral growth, 
but must originate from two-dimensional VLS growth, is simply deduced 
from the fact that the neighbouring growth island does not contain any 
spiral. 
( m ) It appears that the {112 and the {ÏÏ2} faces of CuInS. and 
CuGaSp needles and platelets show quite different VLS growth forms. For 
instance, for CuGaS^ platelets, on one face protuberances and solidified 
droplets are found, whereas on the opposite face they hardly occur. This 
difference has already been predicted by Verheizen en Bennema in Lhcir 
PBC analysis of crystals with chalcopynte structure [16,27], in a 
similar way as for {111} and {111} ZnS [35]. One of these faces is ex-
pected to have only sulphur atoms in its outermost layer, whereas the 
opposite face will be bounded by metal atoms [36]. Experimental confir-
mation of the difference between both kinds of {112} faces was obtained 
for CuInS. by a selective etching agent consisting of HCl, HNO. and H^O 
in the ratio 1.1:4. After etching clearly a difference between both 
faces can be seen by means of optical microscopy One of these faces 
is always severely attacked and looks very rough, whereas the opposite 
face nearly remained unattacked and very smooth. A similar etching tech-
nique for determination of the polarity of a face of a crystal with a 
ZnS structure was used by e.g. White and Roth [37] and by Warekois et 
al. [38]. 
With the aid of this etching method it could be shown that the sur-
face morphology resulting from a simultaneous occurrence of VLS and VS 
growth differed for the 112} and the '112} faces of especially the CuInS 
platelets and to a lesser extent of the CuInS- needles. This difference 
is beautifully demonstrated in figure 9 showing an as-grown twinned 
region of a CuInS. platelet After etching surface area of type A be-
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Fig. 9. Twinned surface area in CuInS„, revealing both {112} and {112} 
faces, each having a different surface morphology (differential 
interference contrast micrograph). 
comes rough, whereas surface area of type В remains unaffected. It is 
interesting to note that for CuInS platelets the VS growth spirals dis­
cussed in the preceding section were only found on surfaces of type B, 
as was verified by etching. Surfaces of type A showed no spirals, nor 
hillocks but only growth features pointing to 2D nucleation and VLS 
growth. For CuGaS«, no verification by etching has taken place, since 
the above mentioned etchant did not reveal any difference between both 
faces. Earlier observations of a difference in VLS and VS growth pat­
terns between opposite faces of a polar crystal with a ZnS-like struc­
ture were carried out by Swridersky on the carbon and silicon faces of 
Sic [39] and by Givargizov for the gallium and arsenic faces of GaAs [6]. 
In chapter 5 the correlation between the difference in surface morphol­
ogy of opposing {112} and {112} faces and the type of surface (sulphur 
or metal atoms in its outermost layer) will be discussed in detail for 
the case of VS grown CuInS» platelet surfaces. 
M 
3 S. Resurte 
For all the growth experiments carried out, two-dimensional VLS 
growth patterns became apparent on the crystal surfaces, however, these 
always manifested themselves more or less in a different way. Even for 
crystals obtained from the same growth experiment these patterns were 
not completely uniform. So the reproducibility of the shapes of the two-
dimensional VLS growth patterns is rather low, which means that minor 
changes in temperature, composition, impurity-content and supersatura-
tion can affect their appearance considerably. 
Nevertheless some general tendencies were observed: 
CuInS^ Besides VLS growth the platelets also show a large amount 
of VS growth patterns and establish a great difference in surface mor-
phology between the {11?} and (112} faces. The needles nearly always 
reveal surface dendrites or growth features related to growth via a 
liquid film covering the surface. Minor differences are manifest be-
tween the {112} and {112} faces. 
CuGaS : Both the platelets and the needles show, besides VS growth 
patterns, numerous VLS growth forms related to stationary or moving 
droplets and to steps with liquid fronts. In some cases also remnants 
of liquid films could be seen, but never dendrites. A clear difference 
between the {112} and {112} faces is present. 
Finally it is to be mentioned that growth forms related to the oc-
currence of localized droplets were more commonly observed on CuGaS» 
than on CuInS-, where surface patterns related to liquid films are some-
what more dominant. From this it is suggested that generally the con-
tact angle of the liquid layer with respect to the crystal surface [40] 
is higher for CuGaá.. An explanation for this difference may be the 
different composition of the liquid, viz. a mixture of Cui and Ini for 
CuInS9 and almost pure Cui for CuGaS9 (see part I). 
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-1. VLS growth of the top faces of needles and tne narrow bide faces 
of platelets 
l.l. йота jï'ou^n J'ia a liquid j'iLm oj' поп-s¿ngalar neeíLf ьорв jriu 
pLc.zc~.c- si''e "oj^? 
As ^nown in part I the unidirectional growtn of needles and the 
lateral expansion of platelett. can he interpreted in terms of VLS growth. 
The observation ol поп-чпдаіаг top faces for most of the needles (and 
whiskers, which were аіьо observed, having typical dimensions of 4 mm 
in length and 100 in width) rules out the dislocation whisker model 
for needle growth after Sears [41,4 2]. Tins can be understood from the 
fact that for tnib model, wnere spiral growth induced by a screw dislo­
cation parallel to the needle axis, only occurs at the needle top fact , 
a singular - facetted - top face io required to occur, oth< rwise no 
spiral growth can take place. Also the model for platelet growth in­
volving a dislocation network parallel to the top and bottom faces, 
leading to spiral growth only at the narrow side faces [4J] doe_, not 
hold, since the side faces (especially at local ions where the growth 
centres arc expected to occur) were in numerous cases not tacetted. 
The occurrence of non-facetted (or rough) needle top faces and 
platelet side faces points strongly to VIS growth, where growtn pro­
ceeds above the kinetical roughening transition, as mentioned in part I. 
Since the phenomenon of normal growth has extensively been studied with 
the aid of I he Monte Carlo method [23,44,45] it will be quite useful to 
interprete this observation in terms of computer simulation results. 
This will be done in chapter í. 
The preferential length-wise growth of tne needles and tne side-
wise expansion of the plates proceed via a mechanism, which is very 
similar to the "secondary whisker growth" of Cu whiskers observed by 
Nittono et. al. [33]. In this mechanism the liquid is preferentially 
deposited on terraced (in the present case rough) faces, especially oc-
curring at the whisker tops (here the needle tops or the lateral faces 
of platelets) leading to uni-directioral VLS growth. In the same arti-
cle, also the occurrence of rounded needle tops was reported, similar 
to those observed for CuInS7 and CuGaS , as was shown in their figure Ob. 
The most evident case for needle or platelet growth is the situation 
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whore the - generally rounded - neejlt' tops or narrow side faces of the 
plates rjrow via a fast VLS mechanism and the - generally facetted -
needle side faces or platelet top and bottom faces via a VS mechanism, 
as was already pointed out in part I. However, in addition also numer­
ous - tnicl^ er - needles of CuInS were found, of which al -.о the side 
faces to a great extent had grown via a VLS mechanism giving non-facet­
ted surface area as discussed in section 3.J. Гог the,e crystals the 
needle-like growth form can be developed, because of the following 
reasons 
(i) The final shape of the crystals, the growth ot which is govern­
ed by a normal growth mechanism is largely controlled bv mass or heat 
transport. This means that when a crystallite Ie' slightly elongated, 
tne lines of diffusive (or neat transport) flux will concentrate to 
regions with higher crystal surface curvatures so that this initial 
crystal snape will be accentuated leading to tnc observed needle liisc 
form [46]. 
(11) It is well known that VLS growth mainly proceeds in the direc­
tion of the highest temperature (better thermodynamic driving force) 
gradient [7] Probabl/ tne needle tops point to the direction of the 
highest gradient in temperature Thir might be the case nere, but it 
should be noted, that this explanation mainly holds for VLS growth via 
a locali7ed liquid layer (or droplet) as discussed in section 4.3 
(ill) The liquid layer on the needle side faces is formed at a 
later stage after that needle growth via VLS growth it the toi an<3 VS 
growth at the side faces has taken place. Гог this possibility, nowever, 
up to now no proof could be given 
ot -
w
 аиг і-ь- ^  „ïy-sbuus. Vi ьхЬгепч ¿ase о
ш
 ηο'ψιαΐ jrcnJth 
In several cases some completely non-facetted, mostly smaller, 
CilnS, crystals were obseivea, on which neither '112 , nor ι "• ro>-
011 j faces could be discerned Ihey showed many rounded snapec, suci 
as soheioids, ellipsoids or wor-i-lKe arowth rorms. bue- crystals an 
representative o* the most extreme са^о of normal grotti - νια a liquic 
nir covering tne surface - for ^ hic ι no correlatioi exists Detv.een au-
lacent surface діеа, то that no facets a^e formed [3i] In tne'e cases 
t'if final snipe o r thr ci^stals is nearly comoletely detcr-iim el o^ 
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environmental conditions, such as mass or heat transport or chemical 
reactions on or in the liquid phase. 
4.3. VLS growth of facetted needle tops 
For a number of CuGaS„ crystals facetted needle tops were observed, 
however, the edges often revealed a certain microscopic roughness. A 
clear example of such a needle top is given in fig. 10. The - micros-
copic - rough areas are former locations of a localized liquid (this 
crystal was washed in an aqueous KI solution and alcohol in order to 
remove surface contaminants). This liquid, preferentially deposited on 
the terraced, or rough edges of the needle top functions as a step 
source for the facetted top faces, leading to needle growth. This si-
tuation is very similar to the "secondary whisker growth" of Cu whis-
kers, involving facetted needle tops as reported by Nittono et al. [33]. 
Fig. 10. Facetted needle top of a CuGaS2 crystal, showing rough edges, 
being the former locations of the liquid phase (SEM micrograph). 
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Fig. 11. Hollow needles, with a negative dendritic pattern inside. 
(a) CuInS9 needle with a non-alosed lateral face (optical 
micrograph). (b) CuGaSn needle with a well developed negative 
dendritic cavity (transmission optical micrograph). 
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4.4. /"C^1" // IIOL-ICI.' г ¿с ¡les 
A large extent of the observed CuInS. aid CaOaS , i^ Ldlu'S чГ( bolle* 
and reveal a beaker-like shape as shown xn fi'js Ila .ì· ! L·. _1 r int»-
nor of these crystals reveals a negative denJratic partern сіь well is 
numerous inclusions. Also goblet-likc crybtalb i^ cro с nncr.l, observe-. 
These consist of a whisker needle at the bottom that turn1 into э hol­
low, conically shaped, crystal at the top. Hollow no JILS .vt_:i al^o 
reported for CdS [47,48], CdSe [49] and ZnS [S^] crvbtan Л very de­
tailed SEM study of gob let-like crystals wa'3 carried oat i >r Cdfe by 
Simov et al. [51 ]. 
Since for most of the hollow crystals the top iaces were not facet­
ted, the growth mechanism for hollow crystals as proposed by 
Chandrasekharaiah and Krishna [47] and by Simov ι t al. [Zi] does not 
hold for the present case, ^ince it requires the occurrence of facet­
ted top faces. This mechanism is analogous to the dibloi ation mech-Uiisn 
for the mass or heat transport limited growth of ^ore crystal planes jr 
salol crystals developed by Amelmckx [b¿]. On tne other hand, a growth 
mechanism based on an interplay of VLS growth and volume di ftus ion or 
heat transport limited growth can explain the formation of the hollow 
chalcopynte crystals. According to such a model growtl- pri ceeds as 
follows: Firstly a needle with a non-facetted top face is torned, as a 
result of VLS growth via a liquid film. When transport pnenonepa play 
a role in the growth process, the supersaturation gradient and thus аіьо 
the growth rate is expected to be highebt near the edgi s оГ tins top 
face [53]. Since growth of the needle tops proceeds via normal growth, 
a mechanism for which no correlation in growti; rate exists b< tween ad­
jacent surface areas [54], the top surface will show no tendency to 
flatten out. This means that the outward regions of the top lace grow 
faster, leaving a central depression. This hopper like face (.ппапсеэ 
the difference in supersaturation, caused by transport limiting factors, 
between the edges and the centre and so reinforces tue formation of a 
hollow crystal shape. In contrast to the above mentioned lis.location 
nechanism this model also explains the formatici, ot hollow needles 
with non-closed lateral faces [51], which wtre oo erv" 1 quite commonly 
(fig. 11a) . 
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Besides hollow needles wiLh unfacetted tops also needles which did 
have facetted top faces have been observed (fig. 10). This phenomenon 
can be explained by the preferential occurrence of the liquid at the 
edges of the top face as pointed out in the foregoing section. This li­
quid, in conjunction with transport phenomena, strongly enhances the 
growth rate near the edges, leading to hollow needle formation in a 
simildr way as for the unfacetted tops. 
From the foregoing it is concluded that formation of hollow needles 
via VLS growth can take place when the contact angle of the liquid ap­
proaches zero, giving normal growth, or when the liquid is mainly 
deposited on the edges of the top face. This situation is completely 
different from the extensively studied VLS growth of Si or Ge whiskers 
with a liquid metal globule, where growth is nucleation limited [4,6] -
thus no normal growth - and where the droplet is located centrally on 
the needle top. Here never hollow needles were observed. 
Finally it should be mentioned that in the light of the preceding 
Givargizov's suggestion that the formation of hollow conical crystals 
of CdS and CdTe may be related to VLS growth [4] is worth a closer exa­
mination. 
5. Discussion in terms of computer simulation experiments 
In Monte Carlo simulation studies the influence of two factors on 
the crystal growth process was studied, viz. (i) the standard tempera­
ture Θ characterizing the equilibrium structure of the surface and 
(il) the factor Δμ/kT which is the driving force for crystallization. 
0 is defined as [ 23] : 
θ = 0.88138 kT/-(>Ä> + > # - £ . ) , (1) 
ff ss sf 
where •/>,_, φ and φ _,, which are negative numbers denote the poten-
ff Sb sf 
tial energies of the fluid-fluid, solid-solid and solid-fluid nearest 
neighbour interactions. Δμ/kT is defined as (у_ - α )/кт (μ. is the 
f s f 
chemical potential of the fluid phase, μ is the chemical potential 
of the solid phase). 
Ы 
Application of the Monte Carlo method to crystal growth, both for 
the Kossel model [23,44,45 ] and the { 111 diamond face [ 5b], which is 
very similar to the {112} and {112} CuInS and CuGaS faces, showed among 
others the following : 
(i) The higher the standard temperature 0, the lower is the critical 
nucleus size for 2D nucleation, due to a lower step edge free energy, γ 
[56,57]. This results in a strong increase in nucleation growth rate for 
d given Δμ/kT [ 23,55] . 
(n) In the case of equilibrium (Δμ/kT = 0) , there is a phase transi­
tion at a certain critical value of the standard temperature 0 {the 
roughening temperature). This transition has the following properties: 
if 0 < 0 , the edge free energy of a step, γ, is larger than zero, if 
R 
0 > 0 , γ = 0 1 55,57-61 ) . This implies that for 0 < 0 layer growth 
mechanisms occur (spiral growth and 2D nucleation), giving well defined 
crystallographic faces and for 0 ^ 0 normal growth is present, yielding 
faces without any crystallographic orientation. Therefore at tempe­
ratures above 0 the crystal face is no longer facetted but rounded off 
1 62]. The faces show no tendency to flatten out, because no or only a 
very weak correlation exists between adjacent surface regions at 0 > 0 
[ 23,54,55]. Thus the growth form of the crystal now depends largely on ex­
ternal factors, such as heat or mass transport. 
For vapour-solid systems the fluid-fluid (V
r f) and fluid-solid (•/> ) 
nearest neighbour interactions are approximately zero | 45] , so the standard 
temperature equals: 
0 V S * 0.88 kT/-!^ s s . (2) 
For liquid-solid (and so also for VLS systems)'/' = φ / 0 - case of 
complete wetting [63] -, so: 
0 T t, « 0.88 кТ/-4(¥> - * - - ) . (3) 
LS ss ff 
Since for solution (or VLS) growth, in general, v>f is considerably 
less then zero, 0, will be higher than 0 . This means that the 
^ ( V ) LS VS 
critical nucleus for 2D nucleation for VS growth is much larger than 
for LS (VLS) growth, which is in agreement with the observations men-
tioned in section 3.4 (n) . 
It should be noted, however, that equation (2) only holds when no 
adsorption layer is present on the vapour-solid surface. Introduction 
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of such a layer may lead to a considerable lowering of the surface free 
energy, due to saturation of the "damjling bonds" of the surface atoms 
as was pointed out by Chernov and Papkov [ 64,65]. This causes a strong 
increase in standard temperature -. , since Э is roughly inversely pro­
portional to the - vapour-solid - interfacial 'ree energy [ 23,63,65]. 
From this it can be concluded that on crystal laces, covered witT a 
dense adsorption layer, which saturates the "danaling bonds", 2D nuclea-
tion is facilitated and sometimes normal growth may occur [ 65] . 
For VS growtn of CuInS and CuGaS., it is very probable that the 
L112/ face with the metal atoms in its outermost layer is completely co­
vered by an adsorption layer, consisting of monoatomic iodine. This was 
veril led oy applying the same calculation method as used by Chernov and 
Papkov 1 64], using some typical values for the Cu-I, Ga-I and In-I bond 
strengths. The monoatomic layer saturates all the dangling bonds of Cu and 
In (Ga) and thus lowers the surface free energy considerably. On the other 
hand, the opposite {112/ face, having only sulphur atoms in its outermost 
layer will not be covered by iodine, but rather by species like Ini (not 
more than roughly 's to 2/3 th of the surface sites, since a higher coverage 
will lead to an enormous stencal hindering), Ini, (Cul) and Cul, as a 
η 2 
result of their high metal-sulfur interactions. Since after adsorption these 
molecules have - except for Ini - still one or two "dangling bonds" left 
and also because of the higher number of iodine atoms - belonging to the ad­
sorbed metal (mono-, di- or tri-) iodides - per unit surface area compared 
to the adsorbed M-face it is to be expected that the surface energy will not 
become very much lower with respect to the unadsorbed surface. The coverage 
at steps is expected to be similar to the coverage at the surface area in 
between, because the main supply of adsorbed atoms at steps will proceed 
via surface diffusion from the remaining surface. Thus the edge free energy 
per step atom will not differ too much from the surface free energy per sur­
face atom. From the foregoing it can now be concluded that the standard 
temperature of the S faces will be in the same order of magnitude as the 
value derived on basis of equation (2), leading to spiral growth or may -
be extremely slow 2D nucelation, involving a large 2D nucleus. On the con­
trary, VS growth of the M faces, which have a lower interfacial free energy 
(and thus a lower step free energy) , probably will proceed via fast 2D nucle-
ation growth, almost similar to melt growth. 
In the light of the proceeding it is interesting to note that the VS growth 
70 
spirals were only found on one of the two opposite CuInS platelet sarfaccs, 
as discussed in section 3.4 (111) . Since these spirals indicate a large 2D 
critical nucleus, tms face very probably corresponds to the S face. After 
etching, the '112'' faces with spirals always remained unaffected. This 
means that the surfaces of type В (section 3.4 (in) ) correspond to the 
112; faces with the S atoms in the outermost layer. 
Confirmation was obtained by the observation, that after etching of 
CuInS needles -also those which were grown via VLS involving a liquid 
film- the smooth S-face was always the larger of the two opposing faces. 
This is in complete agreement with the conclusion of Cadorets study on 
acentric crystals [ 36,66], that the face with the most polarizable atoms 
in its outer layer (here the S-face) is the largest one of two opposing 
polar faces. 
From the occurrence of non-facetted faces, generated by VLS growth via 
a liquid film covering these surface areas and leading to normal growth, 
the following can be concluded 
(i) The solubility of CuInS_ and CuGaS in liquid Cui is not very low. 
Tms can be derived from the relation between the standard temperature and 
the ratio of particle densities in the solution and in the crystal, X as r
 s eq 
given in refs [ 62] and [ 63) , modified for the case of several solid state 
phase transitions before melting. 
(j ^ 0 . 8 8 / { IAK / k T + (ΔΗ / Τ - I n χ )} . (4) 
i l i m m e q 
In this equation s denotes the number of nearest neighbours of a growth unit, 
ΔΗ the neat of melting, Τ the temperature of melting and Σ^Η /kTi is the 
ι 
sum of the heats of transition of all phase transitions occurring in the 
temperature range between the experimental temperature and the melting point, 
divided by the corresponding temperatures of transition. For CuInS grown at 
750 C,ΣΔΗ /kT + ΔΗ /kT equals 5.θ using the heats and temperatures of the 
two solid state transitions and melting determined by Binsma et al. 
[67] . 
For the non-facetted CuInS faces the standard temperature exceeds 
the roughening point, 0 . Assuming that the growth and dissolution units 
are equivalent to one single metal or sulphur atom, С must equal about 
0.65 for the {112} faces of the chalcopynte crystals in the case of equi­
librium. This can be concluded from the structural similarity of these 
faces to the {lili facets of diamond, for which the roughening temperature 
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^к ч 
Cu © In or Ga О S 
F-'q. 12. Pepvpsentation of a Í112} slice of the chaLcopywribe structure 
sho>'ir.ç three гг. si?,e differing вгеаігоп a^d annihilation units. 
(a) Single atoms: three lateral bonds, (hi DiaLonic units: four 
lateral bondes, (с) four-atomic ur/tc, l^'ke CuInS- or CuGaC„ unit-
six lateral bonds. 
was determined to be 0.65 + 0.03 [ 55] . Using relation (4) it can now be 
concluded that for obtaining rough faces the mole fraction of CuInS in 
Cul(l) must exceed 0.01. In the case of diatomic metal-sulphur growth and 
dissolution units, the {112} faces are very similar to a {001} Kossel fdce, 
because each growth unit has four lateral and two vertical bonds (See figure 
12). The roughening temperature of a {001} Kossel face equals 'ь 1.1 [ 21j , 
which means that now the mole fraction of CuInS in Cul(l) must be higher 
than 0.07 in order to obtain non-facetted growth. Finally for four-atomic 
CuInS creation and annihilation units (six lateral bonds (fig. 12) resul­
ting in 0 * 2.0 [ 68] ) even for a mole fraction of 1.0 0 is less than 0 , 
so no roughening can occur at all! Since this is in contradiction to the 
observed roughening it can be concluded that the growth and "dissolution" 
units cannot be equivalent to complete CuInS molecules, but must corres­
pond to smaller fractions, such as single metal or sulphur atoms, metal-
sulphur pairs or species like CuS, Cu_S, Cui, Ini and Ini . 
For the system Cu-In-S-I, there is indeed some evidence for a higher 
solubility of Cu, In and S in liquid Cui. This is firstly based on the ob-
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servations that the solubility of Inl/lnl, in liquid Cui is very high as 
was found with the aid of X-ray microanalysis in part I. In addition, since 
Cu Ξ dissolves well in CuCl(l) (15 mole % at 500OC [69,70]), it is quite 
probable that it also dissolves fairly m Cul(l), which has thermodynamic 
and structural properties very similar to CuCld). 
(11) Since 0 is high, as can be concluded from the fact that this 
standard temperature exceeds the roughening point, the liquid-solid inter-
facial free energy, y , should be low, because 0 is roughly inversely 
proportional to y [ 23,54]. The contact angle ρ (see fig. 7) of a liquid 
-1 phase on a - crystal - surface equals cos [ (y - y )/y ] [ 40] , where 
GS LS LG 
y and y are the gas-solid and liquid-gas interfacial energies. From this 
GS LG 
expression it can be concluded that for low y ρ should be minimal. Indeed, 
LS 
this is in agreement to the observed growth via a liquid film, for which ρ 
is zero. During cooling off, due to a decrease in solubility of Cu, In, Ga 
and S-compounds in Cui, 0 decreases and y increases giving a higher value 
LS 
for p, manifesting in a contraction of the liquid layer to droplets during the 
shut off procedure at the end of the experiments. 
6 Conclusions 
The numerous sorts of VLS growth patterns present on CVT grown 
CuInS» and CuGaS- crystals were studied in detail, with the aid of 
several surface microtopographic methods. These VLS growth features 
could be classified into two groups 
(i) Two-dimensional VLS growth, manifesting m a wide range of sur­
face patterns, that are a result of growth involving a stationary or 
moving localized liquid phase or a liquid film at the crystal faces. 
The shapes of the 2D VLS patterns differ for each growth experiment, 
indicating that minor changes in growth conditions strongly influence 
the 2D VLS growth behaviour. 
(n) VLS growth of the top faces of needles and the narrow side 
faces of platelets, giving various morphologies like hollow needles, 
whiskers, thin platelets, prisms, spheroids and goblet-like crystals. 
Often this VLS growth is governed by a liquid film at the surfaces 
leading to an enhanced growth and non-facetted faces. This morphology 
is interpreted in terms of crystal growth above the roughening tempe-
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rature, due to a Low liquid-solid interfacial energy. 
The present work permits the conclusion that it would be highly in-
teresting to make a general and thorough theoretical study of the com-
plicated phenomenon of VLS growth. This may result in a better under-
standing of thi relations between the numerous different manifestations 
of VLS growth, reported in literature and in this work, and the physical 
properties of the system such as, interface energies, solubility and 
diffusion rate m the liquid phase and surface roughness at the liquid-
solid interface. 
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CHAPTER VI 
CVT GROWTH OF CuInS 
Part III: Characterization of growth spirals 
on CuInS^ i formed by Vapour-Solid growth 
ABSTRACT 
Growth spirals with very low step heights (3-50Л) occurring on the 
{112} faces of CuInS? crystals have been investigated by means of optical 
phase and differential interference contrast microscopy. In contrast to 
earlier observed surface patterns formed via Vapour-Liquid-Solid growth, 
tue present patterns are related to Vapour-Solid growth. Several pro­
perties of the spirals, sucn as central dimples, eccentricity of the 
spiral pattern and the occurrence of monoatomic growth steps are treated 
in more detail. 
7S 
In two preceding рарегь [1,2], retcrred to as part I and part II 
xn the followinj, tne surface morphology of CuInS and CuGaS- crystals 
grown via Chcmcal Vapour Transport (CVT) has been described extensive­
ly. From observations by means of optical differential interference· (DIM) 
and phase contrast 'PCM, microscopy, combined with scanning electron 
microscopy (SEM) and X-ray microanalysis (EDAX) it was pointed out 
tnat growth of these crystals was mainly governed by Vapour-Lirjui 3-
Solid (VLS) mechanisms, with Cul as liquid agent. However, (m part II1 
it was already argued that a Vapour-Solid (VS) mechanism also can play 
an essential role in the CVl growt^ ot these crystals, manifesting in 
the occurrence of growtn steps with low step heights on the 1112} 
faces. 
The present work describes the occurrence and properties of growth 
spirals on CuInS platelets in more detail. The CuInS crystals were 
grown in the same manner as descnoed in part I, but for tne investi­
gation of growth spirals very thin piatele t-likc crytals (^  S-IO mm 
in width, 'ь ЬО-ЮОц in tmckness) have boen selected, since, in general, 
these show the clearest VS growth patterns. 
The crystals have been observed by meìns of highly sensitive op-
tical reflection PCM and DIM, combined with high contrast photographic 
emulsions in order to reveal the very low step patterns on the crystal 
faces. These observation methods have been described extensively 
elsewhere [¿, i,4,4 ]. 
A first example, of a growth spiral on CVT grown {112} CuInS., JS 
givtn in figure 1. The jtep height amounts about 2S-bOA, as can be 
estimated from the contract by comparison with calibrated step patterns. 
It can clearly be recognized that here a group of cooperating spirals 
is active starting fron a snail array of dislocations with 
equal signs. The black rectangular feature is a former contact point 
of another crystallite touching the crystal face, which also functioned 
as a step source. 
A great number of VS grown crystal surfaces did not reveal any 
growth spiral, even when the extremely sensitive phase contrast method, 
which is capable to detect step heights as low as 2A[3,4], was applied. 
From this it can be concluded that the platelet-like crystals are 
nearly free from dislocations, which mighf act as spiral centres. 
79 
Fig. 1 Group of cooperating spirals on {112} Cí¿InS9 (DIM miarograph). 
Further it is to be noted that on all the opposite - {112}- faces of 
crystal plates showing VS growth spirals never such helixes could be 
identified, due to the occurrence of VLS growth via a liquid like film 
as mentioned previously in part II. 
On one of the CuInS_ crystals an exceedingly beautiful, partly 
polygonized, spiral was found, a general view of which is presented in 
figure 2. Such well shaped specimens were not commonly found on the 
CuInSp crystals. In order to measure the step height of this spiral a 
multiple beam interferogram (MBI) after Tolansky [3,6] was made as shown 
in figure 3. From this interferogram it was derived that the height of 
the spiral arms, somewhat further away from the centre equals 29 + lA, 
From figure 4, a detailed view of the spiral centre, it can be 
seen that this spiral is not a single one, but is composed of three 
cooperating spirals of equal sign. Since the contrasts of the arms of 
the spirals are quite similar it can be deduced that the height of each 
step at the centre amounts 9 to 10A. This means that the screw compo-
nents, perpendicular to the growth faces, of the dislocations from 
SO 
Fig. 2 General view of a partly polyganized spiral (PCM miarograph). 
Fig. 3 Multiple beam Lnterferogram of the spiral presented in fig. 2. 
Si 
which the spiral steps originate also are equivalent to 9 to 10Ä. 
At some distance from the centre the three 10Ä steps collide with each 
other forming 29A steps. 
Another feature which can be recognized from figuré 4 is the 
occurrence of a black dot at the spiral centre, which points to a shal-
low depression at that position (on all the phase contrast micrographs 
presented here, bright regions are located at a higher level than ad-
jacent dark areas). This local depression may be an end-dimple of a 
dislocation meeting the crystal surface as described by Frank [7] or 
may be attributed to a preferred slight dissolution due to the stress 
field around the dislocations at the end of the growth experiment. It 
is not a hollow tube around the dislocation line as treated m réf. 
[7], since the depth of the central dimple measures only a few tens of 
Angstroms. 
Further a very low slip line (height, estimated from the contrast, 
Fig. 4 Detailed view of the centre of the spiral presented in fig. 2 
(PCM miarograph). 
il 
'•> 3\) starting fron the spiral uentrti car. be seen in figure 4 (indi-
cateJ L.J S . Since the lino is completely unaffected, i.e. no growth 
took place at the slip line, which actually is a step, it can be con­
cludo J f-.at slip occurred aft'>r grotti, probaoly due to stress in the 
-restai during cooling off. 
- roil the low magnification micrograph presented in figure 2 it can 
be recognized that the spiral is polygonized (trigonal or hexagonal-like 
pseudo-bymmetry) at its centre^whereas the penfery is, aside from the 
eccentricity (which will be discussed next; more or less isotropic. 
This points to the fact that the step edge fr"e energy is anisotropic 
for the lower centrally located 10A steps and that the advancement rate 
for the higher 29A steps at the penfery of the spiral is isotropic [8]. 
Since spirals with higher steps (25-75A) are not polygonized at their 
centres (^ ce, for instance, figure 1), it can be concluded that also 
the step free energy of the higher steps is isotropic. 
A second point which can be infr-rred from the general spiral shape 
іь that during growth a considerable gradient in supersaturation existed 
over the crystal face. This can be deduced from the eccentric shape of 
the spiral, as was found by Sunagawa et al. [9] arid Muller-^rumbhaar 
[ij]. At t!,c side where the supersaturation is low, the step spacing is 
much less than at the high supersaturation side, due to the lower rel­
ative advancement rates of these steps, which are emitted from the spi­
ral centre at a constant frequency. Tnis observation shows that for CVT 
growth of crystals large supersaturation gradients may exist in the 
growth system. 
A final peculanty of the growth spiral presented here is the oc­
currence of a complicated interlacing pattern at one side as can be seen 
in figure 2. A detailed view of this pattern is presented in figure 5a, 
while figure 5b gives a schematic representation of it. The origin of 
this interlacing pattern is not clear, probably the complicated spiral 
centre plays an essential role in the splitting up of the steps. However, 
this pattern rfan serve very well to determine the height of the lowest 
possible steps on CVT grown {112} CuInS , which are indicated by A in 
figure 5a. In figure 5b, tne heights of the various lower steps, which 
make up the interlacing pattern, are given. These values are obtained 
from a careful comparison of the relative contrasts of the lower steps. 
Firstly the 29A step splits up (via an intermediate state of 2 steps, 
S3 
^ 
29Д 
Fig. S Detailed view of the interlaaing pattern observed on the 
spiral presented in fig. Z. PCM miarograph (a), sahematia 
representation (b). 
S4 
IQ and -~\ i", n e i g i t ) i n t o t ' r e e ,tLps cf dLO^t , \ J i ' f i q . ЬЬ) , 
Üien one of t h e s e ІСЛ s t e p s =-plito i ^ t o ore I O Í ' P " A) a n j one i i g r e r 
b t ep (Г) . S i n c e 10\ mast c o r n ^ p o n d t o t r r e e Г s l i c e s d , e a c a 
havincj a t h i c k n e s s of '?\ л, was deduced from a PB( a n a l y s i s o t t u e c h a l -
r o p y n t e s t r u c t u r e [ l l ] , stej j Л must oe e q u a l t o 3λ and s t e p С t o 6A. 
S i n c e t h e ЗЛ s t e p s c o r r e s p o n d t o one F - s l i c e t ' i i c k r e , ^ei1"
 1 e < j j i v a l e n t 
t o one monoatomic l a y e r [ l l ] , now a d i r e c t proof а „ее ι g^/en t h a t 
monoatonic l a y e r s t e p s o c c ^ r or CVT grown ^r-jSfals grc^. v ia a JS -lecn-
anism. 
Two of t n e a u t n o r 1 (W.J.P. van E n c k e v o r t ant: J . J . M . Binsna) acknow­
ledge t h e f i n a n c i a l s u p p o r t of t h e N e t h e r l a n d s F o u n d a t i o n for Pure 
Research (ZWO/SON). 
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CHAPTER VII 
PREPARATION OF THIN CuInS FILMS VIA A TWO STAGE PROCESS 
ABSTRACT 
Thin CuInS films have been made via a two staqe process. In the 
first step Cuín films are prepared by means of molecalar beam deposition, 
wnich are converted into CuInS films in the second step by a subsequent 
anneal in a sulfur containing atmosphere. In this way single phase, poly-
crystalline CuInS films showing zincblende structure are obtained. The 
optimum conditions for single phase CuInS formation and the influences 
of deviation from the ideal composition are discussed. 
1, Introduction 
In addition to single crystals also thin films of CuInS are of in-
terest. Next to growth by chemical vapour transport they offer the possi-
bility to study the material's properties without being hindered by the 
solid state phase transitions ( l] . Especially the optical absorption in the 
region of the band edge can be investigated more easily on thin films than 
on crystals [2,3]. Moreover small changes in composition may be obtained 
readily, in particular by evaporation techniques. Besides for the fundamental 
studies, the interest in CuInS films has been induced also by possible appli-
І6 
cations in photovoltaic devices both in the form of ρ - η (hetero) junctions 
[4,5 ] and as liquid junction cells [6,7 ] . CuInS is an attractive material 
for these devices, because it can be made η and ρ type conductive [8,9 ] and 
because its energy gap of about 1.5eV is near the optimum value for photo­
voltaic energy conversion ( 10] . 
several techniques have been reported for the preparation of CuInS 
films, viz. flash evaporation [ 2,11-13 ] , single source evaporation [ 14 ] , 
double source evaporation [ 14,15] , chemical vapour transport (CVT) [ 16] , spray 
pyrolysis [ 17,18] , painting [ 19] , and sputtering [12,20,21 ] . It appeared to 
be dirficult to obtain reproducible results by direct evaporation methods be­
cause of the incongruent evaporation of the compound | 2,11-14,22 ]. for large 
scale production only spray pyrolysis and sulfunzation of Cuín layers seem 
to be useldl. In the laboratory the Cuín layers can be prepared by sputtering 
or Molecular Beam Epitaxy (MBE), but for production electrochemical deposition 
may be used. In the second stage of the process, the Cuín layers are sulfunzed 
to CuInS . Up to now the information about this two stage process is scarce, 
especially with regard to the optimum preparation conditions [ 21] . In order to 
study the sulfunzation-process and the properties of the films. Cuín films have 
been prepared by molecular beam deposition and were subsequently exposed to 
different sulfur containing atmospheres. The optical properties of the thus 
prepared CuInS films will be discussed in chapter X. 
2. Experimental 
Cuín films have been prepared by molecular beam deposition on glass and 
quartz substrates. Pure copper (5N) and indium (6N) were contained in - Knudsen 
like - evaporation cells. A background pressure of 10 atm was achieved by 
means of turbo molecular pumping. The vacuum chamber was provided with liquid 
nitrogen-cooled shields in order to reduce the background pressure. The eva-
poration cells were constructed in sucn a way, that Cu In films were 
о " " о 
obtained for temperatures of 1400 С for the Cu-cell and 1050 С for the 
In-cell. The deposition rate was 1.6 A sec . Also films consisting of a 
copper layer covered with an equimolar indium layer were prepared. The sub­
strate could be heated separately. A substrate-temperature of 50 С yielded 
the best results, at higher temperatures there is an increased formation of 
liquid indium. The Cu ,-,Ιη
 n
 films had a metallic appearance, the color 
being close to that of pure indium. 
Í7 
Sulfurization of the Cd
 n
l n
, r, films was performed either in the presence 
ot liquid sulfur in a sealed glass ampoule or in a quartz-lined furnace in a 
H S atmosphere. In the case of a sealed ampoule with liquid sulfur the following 
procedure was maintained. The ampoule containing some samples and a sufficient 
amount of sulfur was shifted into the furnace, which already had attained the 
annealing temperature. In this way thermal equilibrium was achieved within 5 Lo 
10 minutes. Annealing temperatures in the range 150 to 450 С were used. Also the 
influence of the duration of the annealing was investigated. Γι:->=- - t e * _e 
"In on Cu" were sulfunzed according to the same procedure . The sulfurization 
in a H S atmosphere was carried out in the following way. The films were placed 
in tne hot zone of the furnace with a stream of nitrogen gas flowing. When the 
samples were at the annealing temperature, a pure H S flow was started. Annealing 
temperatures in the range 150 - 400 С were used. At the end of the annealing, 
the H S atmosphere was replaced by a nitrogen atmosphere and the samples were shif­
ted towards the end of the furnace to cool down. The thickness of the CuInS 
films lies in the range 0.3 - 1.2 pm as determined by means of a stop profiler. 
In order to study the phases and composition of the film (both Cuín and 
sulfunzed) X-ray diffraction and X-ray microanalysis were performed. The films 
were also examined by scanning electron microscopy (SEM) and transmission ej. 
tron microscopy (ТЕМ). 
3. Results and Discussion 
The results of the X-ray diffraction measurements are schematically 
represented in fig. 1 for the three different preparation methods. It appears 
that single phase polycrystalline CuInS films are obtained by sulfurization 
of Cu In films for Τ > 250 С in H S and for Τ > 375 С in the presence 
of liquid sulfur. The critical temperature for CuInS formation for "In on 
^ о 
Cu" films by sulfurization in the presence of liquid S was 325 C. The upper 
limit was not studied for all three methods. An X-ray diffraction pattern of 
a single phase CuInS film (prepared in H S at 300 C) is shown in fig. 2. 
For the single phase CuInS films only the zincblende reflections are found. 
This was also reported by the other authors who studied CuInS films prepared 
via sulfurization of Cuín [ 21 ] , and may be due to the small size of the 
grains, which range from 300 to 2000 A as reveal< 1 by ТЕМ. The X-ray diffrac­
tion pattern becomes diffuse, making the relatively weak chalcopynte reflec­
tions undetectable. The relative intensities of the reflections are in good 
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agreement with the theoretical values, which indicates that there is no pre­
ferred orientation for growth. The lattice constant lies m between a and c/2 
of the chalcopyrite lattice at 5.53 A (a = 5.52 A and с = 11.13 A [ 23] ). At 
temperatures below the critical temperatures for single phase CuInS formation, 
the sulfurization yields coppersulfides and solid solutions with a composition 
between In S and CuIn
c
S0 and at the lowest temperatures used (150 - 200 C) 2 j b o 
also unreacted In. At higher temperatures an increasing amount of CuInS is 
formed directly from the metal layer and also indirectly via intcrdiffusion 
of the binary sulfides. These observations indicate that at low temperature 
copper reacts much faster with sulfur than indium does. The formation of a 
homogeneous CuInS layer will also be hindered by the fact that the metal layer 
consists of Cu In and pure In at the overall composition Cu
 n
In
 n
 I 24]. The 
difference in critical temperatures between sulfunzation with S and with H S 
may be caused by the formation of coppersulfides during the period of heating 
up to the final temperature for films exposed to S. The critical temperature 
for In on Cu films is lowered by 50 С compared to Cu ç\lTi,
 n films when sulfunzed 
Í9 
Ka υ 
ГоС. /-riij Jb/fraatien pattern О ' a вгпаіе phase 
it ¿00 in H. 
in the presence of liquid S. This lowering of the critical teriperatjre is nost 
likely caused by protection of the Cu layer by the In layer, bo "-he formation 
of coppersulfides is hindered during heating up and the direct formation of 
CuInS. is promoted. From these observations it is clear, that at the sulfun-
zation with liquid S, the interdiffusion of already formed binary sulfides is 
rate determining. This is confirmed by the anneal at 400 С lor J hr of a film 
which initially consisted of Cu, „In, „ and which was already annealed at І2Ь 
1
 1.0 1.0 
С for 2 hr to form copper-and indiumsulfides and CuInS . After the mneal at 
400 С the film was fdbnd to consist of single phase CuInS^. The mfl-enci, of 
the duration of the annealing was also studied. At 375 C, sit.qle phase CuInS
 ¡ 
is formed from Cu
 nIn in the presence of liquid S within ¿ hr, but a similar 
annealing at 325 С results even after 100 hr in additional binary sulfideb. 
At temperatures above 300 С the use of quartz substrates becomes proble­
matic because of loosening of the films from the substrate during the sulfuri-
zation. This is caused by the large difference in thermal expansion coefficients 
between ς jartz (about С.ЗхІС К [2b]) ana CuInS^ (about 1>χ 10 "к [2C]j. 
о 
Therefore it was decided to use at Τ 300 С glass substrates having a 
thermal expansion coefficient of 8.8 χ 10 К , on which no loosening 
90 
Fig. 3 
Partiale formation on the filn 
(a): In-riah film, (b): Cu-riah film, 
(c) film with Си-In ratio 
alose to 1 (SEM micrographs). 
was observed up to the highest temperature employed. 
The composition of the films was checked by means of X-ray micro­
analysis. The concentrations of impurities are below the detection limit 
(about 1% wheras light elements e.g. oxygen can not be detected at all). 
The films were found to be homogeneous in composition when analyzing on 
2 
areas of 0.25 mm along the whole film. Especially for films with a given 
deviation from the ideal Cu-In ratio, numerous particles having diameters 
in the range 2 to 8 um were present on the film surfaces. This is shown in 
fig. 3 for an In-rich film (fig. 3a) and a Cu-rich film (fig. 3b). Fig. 3c 
shows a film with a Cu-In ratio close to 1.0 (within 0.5 % ) . The number of 
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Fig. 4 (a): indiumsulphide spheres at the film surface , (b) aopper-
sulfide-plate aggregrates. (SEM micrographs). 
particles is strongly reduced for this film compared to the films with 
non-ideal composition . Similar particles were reported by Gorska et al. on 
sprayed CuInS [ 17] and by Don et al. on evaporated CuInSe | 27] . In fig. 4, 
the particles as shown in figs. 3a and b can be seen in detail. For In-rich 
films the particles are spheres with needles (whiskers) protruding from the 
surface (fig. 4a). X-ray micro-analysis indicates that these spheres consist 
of nearly pure indiumsulfide. So the spheres may originate from In droplets 
which have reacted with sulfur. The needles or whiskers may be formed by 
vapour-liquid-solid growth. On Cu-rich films another type of particles abounds 
having a more crystalline shape (fig. 4b). These particles are aggregates of 
2 
small plates (up to 2 χ 2 (pm) ) and consist of nearly pure coppersulfides as 
revealed by X-ray microanalysis. The formation of particles on the film sur­
face thus appears to depend strongly on the overall composition, the number 
of particles being minimal at the ideal composition. The few particles which 
are formed in that case are of the spherical-indiumsulfide-type, probably 
originating from In droplets. The roughness of these film is still considerable 
however. Local variations in thickness are found up to + 1000 A around the mean 
value. 
Finally it can be noted that there is a clear difference in electrical 
properties between films sulfurized in H S or in the presence of liquid S. 
Films sulfurized in H S are ρ type conductive with resistivities in the range 
9Î 
0.1 to 1.0 cm, whereas films which ..re sulfura zed witn S have such nigh 
resistivities ( > 10 cm), that determination of tne conductivity type vas 
not possible by the hot probe analysis 
4. Conclusions 
The two stage process for the preparation of CuInS films has yielded 
reproducible results. Single phase films showing zincblende structure wore 
obtained by sulfunzation of Cu л111,
 n
 layers in a H S flow for Τ "> 250 С 
and for Τ > 375 С in the presence of liquid S (i.e. at maximal sulfur pressure 
in a closed system). Double layers consisting of Cu covered with In could be 
converted in single phase CuInS at Τ > 325 С in the presence of liquid S. 
The influence of deviations from the ideal composition (Cu-In ratio) is reflec­
ted in the occurrence of particles of a second phase on the film surface. 
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C4APTER Vili 
LUMINESCENCE ΟΓ CuInS 
Part I: the broad band enssion and its 
dependence on the defect chemistry 
ABSTRACT 
The emission of CuInS is studied as a function of the exact composi­
tion in terms of deviations from moleculanty and stoichiometry. By means 
of temperature dependent (4.2 - 220 K) and excitation intensity dependent 
measurements, the two broad emission bands usually prebent are correlated 
with donor-acceptor transitions. In In-rich material the acceptor is lo­
cated at 0.10 eV above the valence band. This acceptor is ascribed to V 
' Cu 
In Cu-rich CuInS the acceptor level is located at 0.15 eV above the va­
lence band, which is attributed to either V or Cu . Two donor Іе еіь 
In In 
are identified, their ionization energies being about 35 meV and 72 meV. 
These donors are present in both In and Cu-rich samples and may originate 
from either intrinsic defects or impurities (Fe). Also the influence of 
quenching of the crystals as well as the effect of different crystal growth 
methods (melt-growth and vapour-growth) on the emission is studied. 
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1. Introduction 
CuInS is one of the I-III-VI_ chalcopynte compounds, the ternary 
analogues of the II-VI zincblende compounds. The optical and electrical 
properties of CuInS crystals and thin films have been investigated for 
fundamental reasons as well as in view of practical applications, e.g. 
m solar cells [1-6]. Prerequisite for its practical application(s) is a 
thorough understanding of the defect chemistry of the material For 
CuInS , like for the other chalcopyrites, the information about the de­
fect chemistry is scarce. In order to get more insight in the defect 
chemistry of the compound, we have studied the photoluminescence as a 
function of deviations from molecularity and stoichiometry, defined in 
terms of the ratios
 r
—-, and
 r
— ·, according to ref. [7]. CuInS_ is par-
LlnJ ICuJ ^ 2 
ticularly attractive for such a defect-chemical study, because it can be 
made both η and ρ type conductive [2], and, having a bandgap of about 
1.5 eV [l], it might be very well suited for application in solar cells 
[8]. 
The photoluminescence of CuInS„ crystals has been investigated by 
Tell and Shay [l]. They found a series of five sharp emission lines in 
the region 1.50 - 1.54 eV ("exciton emission") and two broad emission 
bands at 1.44 and 1.40 eV. From their experiments they concluded that 
CuInS possesses a direct bandgap (1.5 eV at 2 K). Verheizen [3], was 
the first to correlate the observed broad band emission characteristics 
of the material to its conductivity type (n or p; and to its deviation 
from molecularity. In In S -rich CuInS (only obtained as ρ type) broad 
band emission was observed at 1.44 eV. Cu S-nch CuInS , (always obtained 
as η type) showed two broad band emissions at 1.40 and 1.37 eV. 
Recently two papers appeared about the cathodolummescence of CuInS 
crystals. Lahlou and Masse [9] studied the 1.44 eV emission by time 
resolved spectroscopy and concluded that the emission originates from 
donor to acceptor transitions. Masse et al. [IO] reported subsequently 
about the influence of annealing (in In, S, In + S or vacuum) on the 
emission. These annealing procedures, however, do not correspond witn 
equilibrium conditions. In addition, their defect-chemical interpreta­
tion does not take into account cation disorder and the role of impuri­
ties. From these considerations it is clear that the defect chemistry of 
CuInS» needs a more detailed study. 
9i 
In this paper we will first discuss the broad band emission of CuInS. 
as a function of preparation conditions. Then the defect-chemical implica-
tions will be discussed, the validity of which may extend, in our opinion, 
not only to CuInS but to other chalcopyrites as well. The near band-edge 
emission (exciton emission) will be dealt with in part II (réf. [ll]). 
2. Experimental 
Nominally pure polycrystalline CuInS was prepared from a melt of the 
-5 
pure (> 5N) elements in sealed evacuated (2 χ 10 torr) silica tubes. 
In the same way samples with small deviations from molecularity were pre­
pared. X-ray diffraction revealed that the as grown material was single 
phase with chalcopynte structure. CuInS single crystals were grown by 
chemical vapour transport (CVT) using iodine as transporting agent accor­
ding to the time varying temperature profile method described in refs. 
[12,13]. The prepared crystals had typical dimensions of 1 χ 2 χ 10 mm 
and a maximum size of 2 χ 4 χ 20 mm . Fixed deviations from molecularity 
(Δχ) and from stoichiometry (Ду) could be obtained by equilibrating the 
as grown CuInS_ samples for 60 hr (no change in properties was observed 
о 
for longer annealing times) at 750 С in the presence of CalnS. powder and 
two other components of the Cu-In-S system. For the points a-d indicated 
in fig 1 these components are Cu_S and Ξ (a) , CuIn^S., and S(b), CuIn
c
S0 
¿ b d D O 
and In{c) and Cu.S and In saturated with Cu(d). The sulfur-rich samples 
(a,b) were ρ type conductive, whereas the metal-rich samples (c-d) were 
η type, as determined by the hot probe analysis. CuInS was found to be 
not in equilibrium with Cu S and Cu at the annealing temperature [14]. 
The polycrystalline (melt-grown) samples were cleaved or cut from larger 
boules. The luminescence efficiency of samples with cleaved surfaces was 
a few orders of magnitude higher than that of cut samples. After etching 
in 1 1 HCl/HNO, an increase of the efficiency of the latter samples could 
be obtained to almost the value of the cleaved samples. The single crys­
tals prepared by chemical vapour transport were first washed in an aqueous 
KI solution, CS. and acetone in order to remove iodine, iodides and sulfur 
present on the crystal-surfaces (see ref. [13]). 
The photoluminescence measurements were performed as a function of tem­
perature (4.2 to 220 K), and excitation power. An argon laser (Spectra 
Physics 164-06) was used as excitation source at a wavelength of 514.5 nm. In 
99 
/ Cu-In In 
Гг^ . 1 .~ 'r-iazi? 'IssthemaZ ver zc ο.' ΐ^ ν €··-ι·'-ί' Г'гтз^  ..:ζ \~i··?" -voir: +1.. 
horiojeneivj η дгоп of Ci<.Iii"„. The exact, ccirosit¿ou '.; f^:-j by .he 
deviation /rom moieaularitii (Лх) and the deviation from stoichiomc-
try (Au). 'Joints a-α correepond to three-vhase eai'i' I '•'bria. The 
'u-ir-Г diiiran is ~ivir as an insert. 
order to achieve excitation powers of 20 mW and less neutral density fil­
ters were used. The maximal excitation power used was 200 mW, at higher 
values local heating of the sample was observed. The exciting beam was 
passed through a laser monochromator (Anaspec 300Ξ) to eliminate argon gas 
discharge lines. The sample was mounted in a continuous flow cryostat 
(Oxford Instruments), which was cooled by means of liquid Helium. The 
emission spectra were analysed by means of a 0.5 m monochromator 
(Monospek 600) used at 1 meV resolution for most expennents and a photo-
multiplier tube (EMI 9664) provided with a Ξ1 cathode and cooled to -70 C. 
The spectra were corrected for the photomultiplier sensitivity by means 
of a computer program. 
fOO 
3 Results and discussion 
3.1 вг.егаі observanons 
In fig. ? typical emission spectra are shown for Ir-no ^points E,C 
m tig 1) and Cu-rich Lulnb (points a,d in fig 1). tor botn types of 
CuInS , broad emission bands in the region 1.35 - 1.4b eV together witn 
narrow lines in tho region 1.50 - 1.5b eV - upar the banJgap - were ob­
served. The location on trie energy scale of the narrow lines, атюпд whicl 
are several exciton ешізыоп lines, is the same for In-rich and Cu-nch 
CuInS . The constancy of the photon energy of these near edge emission 
lines indicates that the bandgap of the material is not affected by dif­
ferences in composition. The narrow line етізыоп will be treated in de­
tail in part II. 
The broad band emission, 0.10 to 0.20 eV below the bandgap, is made 
possible by defects which introduce localized levels within the forbidden 
band. Going from In-rich to Cu-rich CuInS a decrease in the energy of 
the maxima of the broad band emi^sionis observed of 50 meV (fig. ¿) . Be-
cause of the invariance of the bandgap, the changes in the peak energies 
of the broad band emission should be due to changes in the nature and 
the concentration of the defect levels themselves. In table 1, the peak 
energies of the broad band emission of samples prepared in different ways 
are summarized. In all cases, except for quenched CuInS two broad emis-
sion bands are present, in Cu-rich samples at about 1.39 and 1.36 eV, in 
In-rich samples at about 1.44 and 1.41 eV. These energy values have to be 
interpreted as characteristic values, for different samples there is a 
variation up to about + 10 meV, depending on composition, temperature and 
laser intensity (see sections 3.2 and 3.3). Independent of the type of 
sample, temperature and laser intensity, the separation between the high 
and low energy bands was found to be a constant value of 37 + 2 meV for 
both Cu- and In-rich samples. 
In fig. 3, the emission of In-rich Culnb9 is shown at different tem-
peratures. The peaks shift to higher energy, leaving the separation be-
tween high and low energy emission unchanged. Ïhe intensity ratio of the 
high and low energy emissions remains nearly constant, althougn this is 
somewhat obscured by the broadening of the emissions. 
From table 1 it follows that there is no difference in peak energy 
between samples prepared by annealing in an atmosphere containing one of 
10/ 
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Table 1 : peak energies for broad band emission of as grown and annealed 
CuInS.., at 4.2 К under constant excitation intensity 
vpe of sample E (cV) 
Ρ 
xx) 
x) 
as grown n.D. (nelt, C'VT) 
C u
1.03
I n
o. Q<S2 ( m e l t ) 
annealed (Ci^S/S or Cu,S/Cu-In) 
C U 0 . 9 7 I n i . ü l S 2 ( m e l t ) 
annealed (Cuín SR/S or Cuín S /In) 
queiic!-ed from melt 
1.44, 1.41 or 1.39, 1.36 
1.39, 1.36 
1.39, 1.36 
1.44, 1.41 
1.44, 1.41 
1.44, 1.41, 1.39, 1.36 
x) n.p. = rcpjinallv pure 
xx) accuracy of all values + 0.01 eV 
the constituent metals and as grown samples prepared from a melt with ex-
cess In or Cu. Another important observation is that the type of emission 
is not influenced by the electronic conductivity type, which is deter-
mined by the deviation from stoichiometry (Ду in fig. 1) [2-4,14]. 
Cu-nch samples annealed under minimal sulfur presence (Ду < о, point d m 
fig. 1 and η type conductive) show emission at the same photon energy as 
Cu-nch samples annealed under maximal sulfur pressure (Ду < о, point a 
in fig. 1 and ρ type conductive). This similarity is also observed for 
In-rich samples (points b and с in fig. 1). From these observations the 
important conclusion can be drawn, that the type of luminescence mainly 
depends on the deviation from moleculanty, whereas the type of conduc­
tivity is fixed by the deviation from stoichiometry. As grown samples, 
which were not intentionally grown with deviations from the ideal compo­
sition, showed either the behaviour of Cu-nch samples or that of In-rich 
samples. 
This was also observed for CVT-grown CuInS, crystals. Typical broad 
band emission spectra of CVT-grown CuInS (both as grown and annealed) 
are shown in fig. 4. After annealing, the characteristic emissions of 
Cu-nch or In-rich CuInS are be obtained, just as for melt-grown samples. 
The intensities of the low and high energy emission bands are almost equal 
for as grown CVT-crystals. 
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Samples, which were quenched from the melting point, 1090 C, [15] to 
room temperature by pulling the ampoule out of the furnace, exhibited 
all four broad emission bands, both those of Cu-rich and In-rich samples. 
After annealing, these samples showed only the emission bands belonging 
to the type of annealing atmosphere. This experiment strongly indicates 
that the defects involved in the emission processes are in equilibrium 
with the gasphase. Before going into the details of the defect chemistry 
(see section 4), it is necessary to discuss the temperature and excita­
tion intensity dependence of the broad emission bands. 
3 .2 PeaK energy as a ^лпсЬісп: of temperature 
As shown already in fig. 3, all broad emission peaks shift to higher 
energies with increasing temperature. In fig. 5 the shift in the peak 
energy ΔΕ = Ε (Τ) - E (4.2) of the high energy emission (1.44 eV) is 
plotted for three In-rich CuInS samples, viz. annealed with Cuín S and 
2 5 D 
S(l), as grown (2) and annealed with Cuín Ξ and In(3). Also the tempe-
b о 
rature dependence of the energy gap E as determined from measurements 
of the exciton emission (see part II) is shown in this figure. The sepa­
ration between the high and the low energy emissions remains constant, 
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viz. 3 7 + 2 meV, independent of the temperature. The characteristic va­
riation of the peak energies for any sample can thus be represented by 
that of the high energy emission (E ) alone. It is clear that the peak 
energies are increasing more rapidly than E with increasing Τ in the 
range 4.2 - 80 K. Above 80 К when E decreases, still an increase in E 
ЯЕ^ S - 5 - 1 P 
is found. For most samples was about 4 x 1 0 eV К , but also lar-
Э Т
 -5 
ger values were observed occasionally up to a maximum of 17 χ 1С eV К 
The additional shift of E with respect to E is an indication for 
Ρ g 
donor-acceptor (DA) emission [16]. The emission energy for a donor-accep­
tor pair at distance r is in first approximation: 
hv = E A D e r (1) 
When the temperature is increased, the migration of mobile charge car­
riers to more favourable sites (smaller r) is enhanced, thus giving a 
shift in hv additional to the shift in E Because the additional shift 
depends on the degree of compensation [l7j, different samples will show 
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different temperature coefficients as is illustrated by fig. 5 for 
In-rich samples. ^Iso Cu-rich samples show this behaviour. For free to 
bound emissions, which involve the valence band or the conduction band, 
on the contrary, the same temperature coefficient is expected for all sam­
ples, as follows from the corresponding peak energy in that case [16]: 
E = E - E + kT (2) 
ρ g I 
where E stands for the -temperature independent- ionization energy of 
the centre (either donor or acceptor) which captures the free carrier. 
The temperature coefficient for all samples is given in the latter case by: 
ЭЕ ЭЕ 
э/ = ^ + к ί3) 
which is not observed. So it can be concluded that the broad band emission 
of both In-rich and Cu-nch CuInS is of the donor to acceptor type. At 
high temperatures (> 100 K ) , however, an increasing contribution of a con­
duction band to acceptor emission is found at the high energy edge (see 
the forthcoming sections). This shift in the character of the emission 
may be partly responsible for the increase in E at high temperatures. 
3.3 Peak energy as a function of excitation -intensity 
The peak energy of the various observed broad band emissions appears 
to be a function of the intensity of the exciting beam, the general trend 
being an increase with increasing excitation intensity. This is demon­
strated by fig. 6, where the shift in E for the high energy emission 
(1.44 eV) is plotted for the series of In-rich CuInS samples already 
presented in section 3.2 оЧ'ег three decades of excitation power Ρ at 
4.2 K. As already mentioned in section 3.1, the separation between the 
high and low energy emissions in unaffected by the excitation intensity 
and remains constant at 37 meV. E as a function of P, is behaving accord-
P 1 
ing to the relation which usually applies for DA emission in compensated 
semiconductors [17]: 
Ε = Ε + β (log Ρ, - log Ρ, ) (4) 
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with E the peak energy at Ρ and S the energy shift per decade shift 
in Ρ . The parameter В increases with increasing degree of compensation 
and decreases with increasing acceptor and donor concentrations [18]. 
Indeed various values for β were found at low temperatures (4.2 K) rang­
ing from 0 to 25 meV for In-rich CuInS (peaks at 1.44 and 1.41 eV). For 
Cu-rich CuInS (peaks at 1.39 and 1.36 eV) β ranges from 0 to 15 meV at 
Τ = 4.2 К. 
The increase of E with increasing P, can be explained for small 
Ρ 1 
values - only a few meV - of β on the basis of a decrease of the mean r 
value in eq. (1) at higher excitation levels [19]. Another mechanism 
which can also explain larger values - > 10 meV - of β is band perturba­
tion by high concentrations of defects [17]. Because high concentrations 
of - probably - intrinsic defects can be present in CuInS [2,3,14], this 
explanation may hold for sample 1. 
β appears to be a function of temperature: it decreases rapidly with 
increasing temperature and becomes < 1 meV at 80 K. At higher tempera­
tures migration of charge carriers to more favourable sites is enhanced 
(see section 3.2) thus giving rise to a smaller possible influence of the 
excitation intensity. This accounts for the small β values at higher tem­
peratures. 
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For free to bound emission also an increase in E with increasmq Ρ 
Ρ 1 
snould be observed [17]. In contrast to DA emission, however, the shift 
in this case should be independent of the type of sample, for no substan­
tial broadening of the acceptor levels is to be expected because of the 
large ionization energy of the trapping center. In addition, the high 
energy edge of the emission band should be abrupt corresponding to the 
quasi Fermi level of the free carrier band [17]. The high energy edge of 
the emission of both Cu-nch and In-rich CuInS. is not very abrupt, how­
ever, and becomes even less sharp at increasing Ρ . At high temperature 
(T > 100 Κ) , free to bound emission may contnbutt to the high 
energy emission as was also observed in ref. [9]. This makes the interpre­
tation of the spectra difficult for Τ > 100 К (see section 3.4). 
At the highest excitation intensities and low temperature (4.2 Κ), some 
structure is observed in the high energy edge (fig. 7). This structure 
may correspond to donor-acceptor emission lines for relatively small sepa­
rations. Weak DA lines are commonly observed at the high energy edge of 
DA emission bands with strong phonon coupling (bell shaped bands) [16]. 
The low energy emission shifts to higher energy with increasing ρ 
in the same way as the high energy emission, leaving the difference 
(37+2 meV) between both peak energies unchanged. This indicates that 
the concentrations of the donors and acceptors involved in both transi­
tions are not very different. 
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^тгзігоп ^гііепзгЬу as a function of temperature 
In order to obtain additional information about the centers involved 
in the emission processes in CuInS , the intensity of the emission was 
studied as a function of temperature. When trapped electrons or holes are 
playing a role in the recombination, quenching of the emission will occur 
at high temperatures by ionization of the trapping center [16]. The ther­
mal activation energy for quenching can be related then to the ionization 
energy of the trapping center. In the case of two trapping centers, tnus 
for DA emission, the interpretation of the activation energy is not quitt 
unambiguoub, but may still give useful information. In fig. 8 the inten­
sity (approximated by peak height times peak width) of the -high energy-
1.44 eV emission of an In-rich sample and the intensity of the -high energy-
1.39 tV emission of a Cu-rich sample are plotted as a function of tempera­
ture The observed behaviour of the intensity l a a function of Τ is in 
accordance with a thermally activated probability for non-radiatjve re­
combination as described by Curie [20] 
I(o) 
I ( T )
 " 1 + С ехр[-ДЕ/кт] ί 5 ) 
with ΔΕ as activation energy for non-radiative recombination and С being 
a measure for the capture cross section of tne center which is thermally 
emptied. 
From tne curves plotted in fig. 8, ΔΕ is calculated to be 90 meV for 
In-rich material (1.44 eV emission) and 145 meV for Cu-rich material 
(1.39 eV emission). For DA emission ДЬ should be equal to tne ionization 
energy of tne shallower level at low temperature and at higher tempera­
tures to the sum of the ionization energies, E + E . The valuer of ^ E 
A D 
which are calculated here are too high to correspond to the shallower 
level and are too low to be equal to E + E . Equation (1) yields for 
e2 
L + E - — a value of 0.11 eV for In-rich and of 0.16 eV for Cu-rich 
A D rr j 
bdmples tor — a valut- of about 0.03 eV can be assumed [9], which gives 
cr 
for i + Г 0.14 or 0.19 eV respectively. On the other hand, the ΔΕ valut j A D i- j 
are in good agreement with the acceptor levels found m ρ-type CuInS^ by 
electrical measurements [14]. In ρ type In-rich CuInS. a level of l Hi meV 
was observed whereas ρ type Cu-rich material possesses an acceptor with 
Γ = 1r)0 meV. The 150 meV acceptor was also reported by Look and 
Manthuruthil [2], and by Verheijen [3]. They performed Hall measurements 
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on CuInS a n n e a l e d o n l y i n t h e p r e s e n c e of s u l f u r . Because of t h e h igh 
vapour p r e s s u r e of t h e M - s u l f i d e s above M M X c h a l c o p y n t e s com­
p a r e d t o t h e p r e s s u r e of t h e M - s u l f i d e b [ 2 1 ] , m a t e r i a l a n n e a l e d only i n 
t h e p r e s e n c e of s u l f u r w i l l t e n d t o become M - r i c h . So i t i s c l e a r , t h a t 
i n s u l f u r - a n n e a l e d CuInS o n l y t h e 150 meV a c c e p t o r b e l o n g i n g t o C u - n c h 
m a t e r i a l nas been o b s e r v e d . 
These c o n s i d e r a t i o n s l e a d us t o t h e c o n c l u s i o n t h a t d i f f e r e n t a c c e p ­
t o r s - w i t h i o n i z a t i o n e n e r g i e s of 100 and 150 meV r e s p e c t i v e l y - a r e i n ­
vo lved i n t h e DA e m i s s i o n s f o r I n - r i c h and C u - n c h m a t e r i a l . An a c t i v a ­
t i o n energy f o r q u e n c h i n g of 85 meV was found by Lahlou and Massé [9] fo r 
I n - r i c h CuInS„. They a l s o d i d n o t observe E + E as a c t i v a t i o n e n e r g y . 2 A D -" 
This was e x p l a i n e d by assuming a l a r g e c o n t r i b u t i o n of f r ee t o Dound 
( h e r e , conduc t ion band t o a c c e p t o r ) e m i s s i o n , which might be p o s s i b l e a t 
h igh t e m p e r a t u r e (T > 100 K). 
The i n t e n s i t i e s of t h e e m i s s i o n s a t lower ene rgy (1 .41 and 1.36 eV) 
d e c r e a s e s i m u l t a n e o u s l y wi th t h e h igh energy e m i s s i o n when the t empera -
t u r e i s i n c r e a s e d . This l e a d s t o an a lmost t e m p e r a t u r e - i n d e p e n d e n t r a t i o 
of t h e i n t e n s i t i e s of the h igh and low energy e m i s s i o n s up t o 100 К (see 
f i g . 3) . At h i g h e r t e m p e r a t u r e s an a c c u r a t e d e t e r m i n a t i o n of t h e i n t e n -
/ / 0 
sity of the low energy emission becomes difficult because of the broade­
ning of the emission bands. So the activation energy for quenching could 
not be determined and no indication about the ionization energies of the 
donors and acceptors involved in the emissions can be obtained. The ob­
served weak temperature dependence of the intensity ratio together with 
the varying intensity of the low energy emission for different samples 
give the arguments for the interpretation as an additional DA emission 
rather than in terms of a phonon wing (see also section 3.6). As is already 
argued above, the shift of the entire broad band emission over 50 meV to 
lower energy when going from In-rich to Cu-nch material can be ascribed 
to a change in nature of the acceptor involved. From the difference in 
peak energy between the high and low energy emission (37+2 meV, see sec­
tion 3.1), it now can be deduced that the donor involved in the low ener­
gy emission possesses an ionization energy which is larger than that of 
the donor belonging to the high energy emission by the same amount of 
37 meV. 
3.5 Emission intensxty as a function of excitation intensity 
Apart from the peak position as a function of excitation intensity 
also the emission intensity (see fig. 9 for In-rich CuInS ) has been 
studied in the temperature range 4.2 to 150 К over three decades of ex-
α 
citation intensity. The emission intensity I varied as I - С ρ with С 
and α constants and Ρ the excitation intensity. At 4.2 Κ, α ranges from 
1.20 at lowest excitation intensities to 0.63 at highest excitation in­
tensities. This applied for both Cu-nch and In-rich CuInS_. With increas­
ing temperature but constant excitation intensity α increases, the range 
being 1.5 - 1.0 at Τ > 70 К. The temperature and excitation intensity 
dependence of α observed here is in good agreement with the theory deduced 
by Maeda [22] for DA transitions (compare figs. 8 and 9). According to 
this theory, temperature regions with different temperature dependences 
of I each have their characteristic range of a values. In the low tempe­
rature region (no temperature dependence of I), the excitation intensity 
dependence of I should range from linear (low Ρ ) to sublinear (high Ρ ). 
At high temperatures, where I quenches with an activation energy ΔΕ, the 
dependence should vary from supra-linear or even quadratic to linear at 
high Ρ . This behaviour is reflected in fig. 9. Care has to be taken, how-
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ever, in tne interpretation of the curve at 128 К, because the emission 
may originate in part from free to bound transitions (see the foregoing 
section) . 
The ratio of the intensities of the high and low energy emissions, — , 
appeared to be nearly independent of the excitation intensity. Only w)ien^ 
an appreciable contribution of the deep donor-acceptor transition is 
II 
present (•— << 5) , the high energy emission is slightly favoured with 
I2 
increasing excitation intensity with respect to the low energy emission 
II 
(-— increases slightly) . A saturation of the low energy emission at high 
I2 
excitation intensities may be responsible for this behaviour, as already 
noted by Verheizen [3], who reported similar observations for the broad 
band emission of CuInS^. 
3.6 Intevpretation in terms of defeat—levels 
In the foregoing the -high energy- emissions at 1.44 eV for In-rich 
and at 1.39 eV for Cu-nch material were correlated to recombinations be­
tween the same donor (ionization energy E ) and two different acceptors, 
Dl 
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their ionization energies being 100 and 150 meV. The low energy emissions 
(1.41 eV and 1.36 eV) are attributed to donor-acceptor recombinations 
from a deeper donor (ionization energy E + 37 meV) to the acceptor levels 
which participate also in tne hign energy emission. Because the separa­
tion between high and low energy emission is close to the optical phonon 
modes of CuInS_, which are lying in the range 35-40 meV [23], tne possi­
bility of a phonon-assisted transition should be considered too. Two ar­
guments can be given against this interpretation, however, viz. (i) the 
strongly varying intensity ratio between the high and low energy emission 
for different samples, ranging from 0.7 to 5, and (n) the weak tempera­
ture dependence of the intensity ratio (see section 3.4 and fig. 3), which 
decreases at most 10% from 4.2 to 100 K. The intonsity of a phonon-assisted 
transition involving emission of a phonon to the lattice should quench 
with respect to the zero phonon transition according to the factor 
і'хр[Іію/кт] , Ιΐω being th<a phonon energy [?4l. 
The only unKnown ionization energy so far is that of the shallower 
donor, E . Therp are strong indications, however, that the correct val-
Dl 
ue of E„ is about 35 meV. In the first place we found by electrical mea-
surements on η-type CuInS a donor level of 35 meV [14]. Furhter a donor 
to valence band transition is observed at 1.52 eV which also yields an 
donor-ionization energy of 35 meV (see part II). Finally fitting results 
of time resolved measurements by Lahlou and Massé reveal a level of 45 meV 
[9]. 
The donor and acceptor levels present in Cu-rich and In-rich CuInS, 
are summarized in table 2 together with the peak energies of the donor-
Table 2: peak energies and donor and acceptor levels for Cu-rich and 
In-rich CuInS (accuracy for E +^5 meV, for Ь jb 10 meV) 
Moleculanty E (eV) 
Ρ 
1.39 
1.36 
1.44 
1.41 
E (meV) 
35 
72 
35 
72 
E (meV) 
A 
150 
150 
100 
100 
Cu-rich 
In-rich 
x) neasured at 4.2 К 
ПЗ 
1555eV 
cond band 
- 0 , 35meV 
D2 72nneV 
І Э б е 
A, ISOmeV 
11 ti um mu ) ii 
val band 
Cu-nch CuInS., 
cond band 
-D, 35meV 
Dj 72meV 
(a) 
TTTTTTTTTTTTTTTTTT 
val band 
In-rich CuInSo 
(b) 
Fig. 10 Energy level diagrams for Си-rich. CuInS (a) and In-rich CuInS^ (b) 
showing the various radiative ttfansitions and the donor and acceptor-
levels involved. Also the donor to valence band transition at 1.52 eV, 
which игіі be reported in part II, has been indicated. Energy balance 
is obtained for the DA-emissions when the coulomb energy (~ 0.03 eV) 
is included. Л, ¿s assigned to either l/_ or См_ . /1. to V- . The na-1 * In In 2 Cu 
ture of 0
η
 and D is not known up to now (see section 4). 
acceptor emissions originating from these levels. In fig. 10, the emis­
sion processes involving the donor and acceptor levels are schematically 
drawn for Cu-nch (a) and In-rich (b) CuInS . Also the donor to valence 
band transition found near the band edge [ll] has been indicated. When 
energy balances are constructed for fig. 10, one should take into account 
e
2 
the Coulomb energy — for DA emission (see eq. (1)), which corresponds to 
about 0.03 eV at the emission peak [9]. The nature of the various defects 
corresponding to the donor and acceptor levels and their dependence on 
moleculanty and stoichiometry will be discussed in the forthcoming sec­
tion. 
Defect-chemical considerations 
The experiments on samples which were quenched from the melting point 
and those one samples which were equilibrated under various conditions 
strongly indicate that the luminescence properties are governed by intrin­
sic defects. In a ternary compound, a wide variety of intrinsic defect 
Π4 
equilibria is present. These equilibria can be classified into internal 
equilibria involving only defects in the solid and interphase equilibria 
between solid and gas phase [7,25]. Compared to binary compounds, addi-
tional mechanisms for defect formation originate from deviations from the 
ideal moleculanty and from cation-disorder. In terms of defect-equilibria 
these mechanisms can be formulated as: 
C u 2 S (g) + 2V*cu + VS Í 2 C a C u + S S 
(6) 
-1 г * ,-2T *,-! 
a Cu S Cu Ξ 
* * * * 
Cu„ + In, +· Cu, + In Cu In •+ In Cu 
(7) 
^
=
 [CUÍnHlnCu] 
The equilibrium given by (6) may also be formulated in terms of the indium-
* 
sulfide-pressure and V . Because the copper and mdiumsulfide-pressures 
are coupled via the formation reaction, both representations are equivalent. 
In the equilibria (6) en (7) the point defects have been represented in 
their neutral state. Charge carriers are not involved in these equilibria, 
by which comparable amounts of donors and acceptors are formed. This in 
contrast to the equilibrium which describes deviations from stoichiometry. 
(8) 
* ? 
The formation of η type material as a result of sulfur deficiency is direct-
ly given by (8), because V acts as a donor. When the equilibrium is formu­
lated in terms of sulfur interstitials (which are acceptors) it will be 
clear that a sulfur excess gives rise to ρ type material. Here charge car­
riers are thus indirectly formed. The occurrence of disorder corresponding 
to (6) and (7) may explain why for the chalcopyntes usually high compen­
sation is found in contrast to the binary compounds, e.g. II-VI compounds 
[25]. 
The attribution of specific defects to the observed levels (see table 
2) will require further measurements (e.g. of the electrical properties), 
//5 
TaLlo 3 'ossible intrinsic majority defects actirq as acceptors and 
th^ conditions ""Or their occunence in terms of- the deviation 
ι π *. [Cui . fron molecularitv, χ = -г——τ - 1. 
l Inj 
Defect 
V Cu 
V 
In 
S 
ι 
CuT In 
but some conclusions can already be drawn. As the nature of the acceptor 
level changes with annealing or quenching it may be attributed to an in­
trinsic majority defect. Table Ì gives a survey of the various defectb 
which can act as acceptors in CuInS together with their conditions for 
the deviation from moleculanty fix > 0 Cu-nch, Дх < о In-ricn) Тіісье 
conditions can be deduced on the basis of the relations between exact 
composition and defect-contents given in ref. [7]. For In-rich CuInS the 
acceptor at 0.10 eV may correspond to V when we exclude the energeti­
cally unfavourable S . The acceptor at 0.15 eV is correlated to Cu-nch 
CuInS„ as revealed by this work and that of other authors (see section 
3.4). Table 3 gives two possible defects for this level, viz V and 
Cu when again S is excluded. It is difficult to discriminate between 
In ι 
the remaining possibilities, but that the acceptors are of intrinsic 
character and not due to impurities is indicated by the fact that an acceptor with a 
ionization energy of about 0.15 eV is found for various Cu-containing 
chalcopyntes [26] independent of their bandgap. The energy levels of a 
cation vacancy (surrounded by four anions for the chalcopyntes) are 
solely related to the valence band as shown by Lang et al. [27]. Changing 
the type of cation (e.g. in Al Ga, As) does not alter the environment 
χ 1-х 
of the cation vacancy, resulting in an acceptor level which is fixed rel­
ative to the valence band (condition of unchanged environment). Impurity 
levels on the other hand are related to both the valence band and the 
conduction band and are thus shifting with the bandgap when varying the 
nature of the cations. For the same reasons the ioni7ation energy of the 
Cu acceptor (corresponding to a copper atom surrounded by four anions) M III 
176 
will also not be affected by the bandgap. It is clear from the defect-
chemical considerations summarised in tanle 3 tnat the attribution of the 
0.15 eV acceptor to either VT or Cu is much more plausible than that 
^ In In ^ 
to V„ as given in ref. [26"]. In addition, V and Cu fulfill the condi-Cu ч L ' ' In In 
tion of unchanged environment in the CuM X compounds even better than 
V does, if second nearest neighbours are included. Cu 
For the donor levels it is not clear up to now whether they correspond 
to majority or minority defects and a definite attribution is thus not yet 
possible for these levels. Various defects are possible such as V , Cu , 
In , In , or foreign elements incorporated in the lattice. Especially i Cu 
the undesired- incorporation of iron may be significant as has been 
demonstrated by EPR measurements for CuInS and other chalcopynte com­
pounds [¿8-30]. Spectrochemical analysis reveals the presence of Fe as by 
far the most important impurity up to a concentration of 5 χ 10 cm 
for both melt-grown and CVT-grown CuInS. [14]. This concentration is 
equal to the measured majority defect concentrations, which means that a 
defect-chemical model of CuInS is not complete when the role of iron is 
ignored. Measurements which should lead to a better understanding of this 
role are under way. 
Finally it may be noticed that the interpretation of the levels at 
45 and 90 meV as given by Massé et al. [10] needs to be reconsidered. 
They ascribed the 45 meV level to the V acceptor on the basis of the J
 Cu * 
analogy with some other chalcopyntes. From our optical and electrical 
experiments it can be deduced, that the 90 meV level corresponds to V , 
Cu 
whereas the 45 meV level originates from a donor. The nature of this 
donor still has to be revealed (see above). 
Conclusions 
By studying the broad band emission as a function of the exact composi-
tion, intrinsic defects were found to play an important role in the defect-
chemistry of CuInS-. On the one hand deviations from moleculanty (Cu excess 
or In excess) determine the type of broad band emission. This shows that the 
ternary character of the compound is an important factor in fixing the defect-
chemical state of the compound. The influence of deviations from stoichiometry 
on the other hand is reflected in the electrical properties, sulfur-rich mate-
rial being ρ type and metal-rich being η type. The various types of CuInS can 
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be converted into each other by annealing in specific atmospheres corresponding 
to the possible three-phase equilibria, nnally it should be mentioned that 
meltgrown and CVT-grown crystals showed no fundamental differences in emission. 
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CHAPTER IX 
LUMINESCENCE 0Γ CuInS 
Part II· Exciton and near edge emission 
ABSTRACT 
The near edge (exciton) emission of CuInS» is investigated for var­
ious material-compositions as a function of temperature. From these in­
vestigations the exciton ionization energy (20 meV) and the temperature 
dependence of the energy gap were determined. For the first time, recom­
bination of the free exciton belonging to the deeper lying Γ valence 
bands has been observed. Moreover, six different bound exciton етіьыоп 
lines and a donor to valence oanì transition were detected. These emis-
sions could be assigned in terms of the defect chemical model presented 
in part I. 
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ι. Introduction 
Besides broad band emisbion (see ref. [l], further referred to as 
part I) CuInS , like the II-VI and the III-V seraiconductinij Compounds, 
exhibits emission in the spectral region close to the energy gap as 
known from the work of Tell et al. [2] and that of Verheien [3]. This 
emission was in both cases attributed to the radiative decay of either 
free or bound excitons. However, if the ionization energy of one or 
more donors or acceptors is of comparable magnitude as the exciton 
binding energy, donor (acceptor) to band transitions may be located 
among the exciton emissions. Therefore, as long as not all emission 
lines near the bandgap have been correlated to exciton transitions we 
will speak about "near-edge emission". 
Exciton emission has been observed for many compounds of the group 
of semiconducting chalcopyntes to which CuInS. belongs [4-6]. Since 
generally reflectivity anomalies were encountered at the same photon 
energies as the exciton emission, it was concluded that the chalcopy-
ntes arc direct-gap semiconductors [4]. Exciton emission of CuInS /ias 
reported for the first time by Tell et al. [2]. They observed five emis-
ειοη lines at 2 К viz. at 1.535, 1.530, 1.525, 1.520 and 1.517 eV 
On the basis of reflectivity anomalies, the emission line at the high­
est energy (1.535 eV) was attributed to free exciton recombination. The 
other lines were suggested Lo originate from excitons bound to impuri­
ties or defects. Verheijen [3], who measured at 4.? K( reported one ad­
ditional emission line at 1.509 eV, whereas the 1.517 eV emission ob­
served by Tell et al. was not found. The shapes of the emission spectra 
are quite different, vi/, either sharp, well-separated lines (Tell et 
al ) or small peaks or shoulders on the slope of the broad band emis­
sion (Verhei]en). Emission near the band edge was also reported in 
cathodolumnescence experiments by Dirochka et al. [7]. One emission 
peak was found at 1.519 eV at 90 K, which was attributed to band to im­
purity recombination. 
In order to obtain a better understanding of the electronic proces­
ses which govern the near edge emission of CuInS as well as of the 
defects involved, more quantitative data are needed. Iherefore, we have 
performed a detailed study of this emission as a function of tempera­
ture and excitation intensity for different compositions of the material, 
corresponding to the three-phase equilibria described in part I. 
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2. Experimental 
The near edge emission was studied for a large number of as grown 
(from melt or iodine transport) and annealed CuInS samples. The sam­
ple preparation as well as the experimental set up for the luminescence 
experiments are described in part I. Annealing was performed under 
equilibrium conditions, i.e. in the presence of CuInS- powder and two 
other components of the Cu-In-S system. 
3. Results and discussion 
3.1. General observations 
Emission near the band edge - in the region 1.50 - 1.55 eV - was 
observed for almost all samples of which the luminescence was studied 
at sufficiently low temperature (4.2 K). The role of surface perfection 
was even more important for the exciton emission than for the broad 
band emission (see also part I). After etching in 1:1 HCL/HNO , the 
luminescent efficiency of samples with irregular surfaces (e.g. cut 
from a larger boule) increased by a factor 10 to 100. When cleaved or 
as grown faces were irradiated also high efficiencies could be obtained. 
Some of the CVT-grown crystals, however, did not exhibit near edge emis­
sion at all. This behaviour may be due to a high concentration of impu­
rities (defects) in the bulk leading to screening of the discrete exci­
ton states [8,9]. 
The total number of different near edge emission lines observed in 
our samples is 9 (see table 1). Typically, in one single sample about 
5 lines are observed. The maximum number for one single sample was 7. 
Near edge emission spectra at 4.2 К for In S -rich ("In-rich") ρ and η 
type CuInS are shown in figure 1. For ρ type material, the emission 
was present as well-separated lines (fig. la) like the spectrum report­
ed by Tell et al. [2]. For η type material small peaks or shoulders on 
the slope of the emission at 1.520 eV were observed (fig. lb) like the 
spectrum found by Verheizen [3]. The near edge emission occurred on 
the slope of the broad band emission when its intensity was low compared 
to the broad band emission. Also for Cu S-nch ("Cu-nch") CuInS. both 
well-separated and poor resolved spectra were observed (see fig. 2). 
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Table 1: Near edge emission lines observed for CuInS at 4.2K (except 
FE : 100K). FE, EX and DV indicate free exciton, bound exciton 
В 
and donor to valence band emission. 
Emiss ion l i n e 
F E B 
F E A 
EX 1 
E X 2 
DV 
EX 3 
E X 4 
EX 
5 
E X 6 
h\> (eV) 
1.551 
1.535 
1.530 
1.525 
1.520 
1.5185 
1.5165 
1.513 
1.509 
p r e s e n t fo 
I n - r i c h Cu-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
~ 
+ 
r 
r i c h 
-
-
-
f 
+ 
+ 
+ 
+ 
-
+ 
In-rich 
Ρ type (a) 
.EX2 
150 152 154 
In-rich 
η type (b) 
j 
ι 
Л В 
\\ 
ι ν 
Ir 
ν 
I , ^ - 1 
150 152 154 hv (eV) hv (eV) 
Fig. 1. 'lear edqe emisaion of Jn-vich CuInS9 at 4. PK. 
(a) ρ type)(Ъ) η type covductive. Free exciton, bound exciton 
and donor to valence band émission are denoted by FF, EX and DV 
respectively. 
J23 
Cu-rich 
ρ type (a) 
hv (eV) 154 
Cu-rich 
π type (b) 
150 
ί\ι ' r ~fc emics^o" с- С'-ί·'an " "> 
i • 1 " 'У ' f С- ' >S fTOi'»" ff - V T 1 . 
152 
hv (eV) 154 
In these spectra the two emission lines at highest photon energy are 
missing with respect to In-rich CuInS and the emission at 1.Ь20 eV 
(DV) has become dominant instead of that at 1.525 eV (EX ) . 
The emission lines at 1.5165, 1.513 and 1.509 eV were procent for 
only a part of the samples without any correlation with their prepara­
tion and anneal history. For some samples, also donor-acceptor emis­
sion lines aro observed at the high energy side of the broad band emis­
sion at the highest excitation intensities. These lines, which occur 
only as a group lie at photon energies below the 1.509 emission as can 
be seen in figure 7 of part I. The presence of any of the near edge emis­
sion lines іь not correlated with that of the donor-acceptor emission 
lines, so that both types of emission can not be confounded. 
Most Cu-rich samples showed spectra like the one given in figure 2b, 
the near edge emission being less intense than for In-rich material. 
The η type conductive samples (both Cu-rich and In-rich) exhibited rel­
atively intense 1.520 eV (DV) emission making one or more emissions to 
appear as shoulders (see fig. lb for η-type In-rich CuInSJ . All CVT-
grown crystals for which near edge emission was observed, showed spec­
tra of the unresolved types shown in fig. lb and 2b, ]ust as melt-grown 
samples which were quenched from the melting point to room temperature. 
The low intensity of the near edge (exciton) emission, the relatively 
ÍZ4 
Γιο. ζ. 
,νατ edge em хгіог o J 
ptype Іп-ггсп CuIrS
n 
at 4.1 (a), f.-v (Ъ), 
С,4к (e), 11¿¡\ id) 
and IPOr (e). 
150 152 154 
hv (eV) 
156 
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intense DV emission and the correlation with preparation methods indi­
cate that samples with this unresolved emission contain higher concen­
trations of defects (especially donors) than samples with well resolved 
emission as will be pointed out in the next sections. The relative in­
tensities for the emission lines as shown in figures 1 and 2 are charac­
teristic, although a slight variation within each type of emission for 
different samples exists. The relative intensities further depend on 
temperature and excitation intensity. 
In figures 3a-e, the near edge emission of the same sample as in 
figure la is shown at various temperatures between 4.2 and 160 K. With 
increasing temperature the emission lines at energies below the emis­
sion at 1.535 eV (FE ) vanish gradually, whereas at the high energy 
side of FE, an emission line at 1.551 eV comes up (FE ). The peak ener-
A В 
gies of the emission lines depend on the temperature. The energy shift 
for all emission lines is the same, leaving the distance between them 
unchanged. This indicates that in this case the bandgap itself is in­
fluenced, and not the binding energies of the levels from which emis­
sion takes place. The temperature dependence of the bandgap is dealt 
with in section 3.3. The FE, and FE,, emissions are correlated with free 
A В 
exciton recombinations. The assignment and the properties of both emis­
sions are treated in section 3.2. Various centres (e.g. donors and 
acceptors) are able to bind a free exciton [10]. Emission lines cor­
responding to such bound excitions are described in section 3.4. The 
DV emission line at 1.520 eV does not correspond to exciton emission, 
but to recombination of an electron bound to a donor with a hole in 
the valence band. The properties of this emission line are dealt with 
in section 3.5. 
3.2. Free exciton emission 
The emission lines at 1.535 and 1.551 eV (FE and FE m table 1) 
A В 
are attributed to recombination of free excitons. In a relatively small-
bandgap semiconductor, the excitons will be of the Wannier-type [9]. 
The binding energy E of free excitons is then in the effective mass 
approach. 
X
 2ГЛ 2П 2 
1Î6 
where y is the reduced exciton mass, ε the dielectric constant (which 
should not a priori equal tbP static dielectric constant) and η an in­
teger (n > 1). The photon energy ' of the radiative recombination of 
a free exciton is then given by. 
nv = E - E (2) 
g χ 
with Ε the bandgap. 
g 
The assignment of the FE lines is based on the following arguments. 
(i) Only the lines with highest photon energies need to be taken into 
consideration, because bound excitons, having larger total binding ener­
gies, will emit at lower photon energy (see eq. 2). As follows from 
eq. (l) a series of FE lines corresponding to states with η = 1,2,3 etc. 
can be expected. However, neither the energy separation nor the rela­
tive intensities, which should be proportional to η [ 11 ], or the tem­
perature dependence of the intensities allow for such an assignment. 
So if any free exciton emission is present at low temperature (4.2 K) 
it must be the highest in energy and correspond to n=l. In this case 
the emission at l.SJb eV can thus be ascribed to recombination of the 
free exciton. At high temperature emission at 1.551 eV is observed. It 
is shown that this line is due to recombination of the free exciton 
belonging to the deeper lying valence band. 
(ii) With increasing temperature all lines below FE quench far more 
rapidly than FE itself, whereas FE even comes up (see fig. 3). With 
respect to the FE emission and the lines at lower energy, similar ob­
servations were reported by Tell et al. [2] and by Verheizen [3]. Лч 
far as the lines at lower energy belong to recombinations of bound 
excitons, the more rapid quenching of these lines can be explained from 
the fact that the additional binding energy for binding an exciton to 
some active center is smaller than the free exciton dissociation energy 
E (see also section 3.4.) . 
χ 
(in) Further evidence for the free exciton nature of the FE lines is 
provided by the fact that at almost the same energies (1.535 and 1.554 
eV) anomalies are observed in the reflectivity of CuInS [2]. 
Reflection (or absorption) anomalies corresponding to free excitons are 
commonly encountered in the vicinity of the bandgap [9]. The deviation 
of the FE line observed here (1.551 eV) may be partly caused by the 
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tact that this value is determined at Τ > 100K, while the reflectivity 
experiments were performed at Τ = 2K (see also section 3 3 ) 
An experimental determination of the free exciton binding energy E 
(eq 1) is made possible from an analysis of the quenching of the emis­
sion intensity with increasing temperature In figure 4, the emission 
intensity I of t № FE line (approximated by peak height times width) 
is plotted versus 1/T in the temperature range 4 2 to 160K The tempe­
rature dependence of I can be fitted to the relation which includes a 
thermally activated probability for non-radiative recombination [12] 
I(T) 
I(o) 1 + С exp[-^E/kT] (3) 
where I(Τ) is the intensity at temperature T, С a constant which is a 
measure for the capture cross section for the exciton ground state, 
and ΔΕ the activation energy for non-radiative recombination 
For ΔΕ a value of ¿0 meV is found from figure 4 Since quenching of the 
free exciton emission оссигь via the formation of free charge carriers, 
/г« 
ΔΕ should be equal to the exciton binding energy E as given by eq. (1). 
With known С and exciton reduced mass it is now possible to calculate 
χ
 c 
the value oí the dielectric constant e which applies for the free ex-
citon in CuInS^. The exact value or ε may be somewhere in between the 
vacuum value and tne static dielectric constant, depending on the Bonr 
radius of the exciton [13]. Vvith L = 20 meV and у = 0.14 m [14], tor 
χ о 
ε is found 9.7h. Tms value approaches the static dielectric constant, 
10.2, as estimated from the empirical relation for chalcopyrite com­
pounds given by Li et al. [ 1S ] . The optical dielectric constant vanes 
from e.lf1 at 12.5 \.m to 7.80 at 0.9 ym [4]. 
The criterion of using tne optical or the static dielectric con­
stant for the exciton binding energy depends on the magnitude of the 
li 
frequency of motion of the ground-state exciton, — 7 - , compared to the 
yr 
vibration frequencies of the crystal [13]. When the frequency of mo­
tion for the exciton exceeds the lattice vibration frequencies, the 
atoms m the crystal lattice can not follow tne exciton motion and the 
optical dielectric constant should be used. This should be the case if 
f· 1 3 - 1 
the lattice vibration frequency ω < —-г . With ω = 5.5x10 sec for 
о . г^  о 
CuInS [16], the critical value for r becomes: 38.6Ä. from the experi-
mental binding energy we can calculate the exciton Bohr radius by elimi-
nating f" from the hydrogenic formulas E = —7- 13.G eV and r = — 0.52')A, 
1 ] ( Κ x ε 
giving r = ( — ) " 0.529A. With Γ = 20 meV we find for г 36.9Λ, a 
b y χ 
value only slightly lower than the above calculated critical r. This 
explains the value of ε (9.76), which is close to the static dielectric 
constant. 
Emission lines corresponaing to excited states (having η ^  n) w<re 
not observed. This may be caused by the rapid relaxation to quasi-
equilibnum with a distribution ac cording to the ехр(-ДЕ/кТ) factor of 
Bose-Emstei η statistics, and the decrease in emission intensity with 
increasing η according to the relation given by Elliott (I ^  η ) [il]. 
It appeared not to be possible to discriminate between free and bound 
exciton emission on the basis of line widths for CuInS , as all widths 
are about 2 meV at 4.2 K. The line widths ot the bound exciton emis­
sion lines will be treated in detail in section 3.4. In figure 5 the 
line width of the free exciton emission FE has been plotted as a func-
A 
tion of temperature in the range 4.2 - 160K. Up to 40K the line width 
(^  2 meV) is nearly independent of the temperature, probably because IZ9 
T(K) 
Ггд. 5. Linewidth a of the free exH^on eriission Ft . as a fuvotion of 
temperature. 
it is determined by strains and impurities. At higher temperatures, the 
width increases up to a value of 26 meV at 160K (^  2kT). This tempera­
ture broadening can be explained on the basis of a decrease in life-
time of the emitting к = 0 state because states with higher к become 
more populated with increasing temperature [17]. 
The FE emission line, which is observed only for ρ type material, 
is attributed to recombination of the free exciton belonging to the 
double degenerate Γ valence band, which lies near к = 0 about 18 meV 
below the T
r
 valence band [18]. The FE and FE„ emissions have been 6 A B 
schematically indicated in figure 6. Interpretation ot the FE emission 
2 line of the FE exciton or as a conduction band to 
A in terms of a η 
valence band transition should be excluded, because these types of emis­
sion should be present for both η and ρ type material. Emission from a 
exciton made from an electron and a hole in a deeper lying valence band 
has been observed for other semiconductors e.g. CdS [19] but it is the 
first example of such a process in the chalcopynte compounds. With in­
creasing temperature the intensity of the FE emission, I , increases 
в в
 I 
relative to that of the FE emission, I , according to the relation В = 
A A — 
ехр(-ДЕ/кТ) as can be seen in figure 7. For E a value of 20 meV i s A 
found, in good agreement with the s p l i t t i n g between the Г and Г valence 
о 7 
bands (18 meV) reported in literature and with the expected redistribu­
tion of holes between the bands. 
150 
Τ(Κ) 
200 100 
EgïISSSeV РЕд 
Гід. 6. Schematical band 
diagram of CuInS near 
S = 0 with the free excitan 
transitions FE. and ЬЕ^. 
The values given apply 
for Τ = 4.2K. 
Fig. 7. Ratio of the іпіепвгііез of 
the FE„ and FE emissions, -Гд/Г., 
as a function of temperature. 
The free exciton emission is absent in Cu-rich samples as mentioned 
in section 3.1. This may be caused by dissociation of the exciton states 
under the influence of Coulomb fields originating from charged defects 
[8,9] , but further studies are necessary to clarify this phenomenon. 
The emission energy of the free exciton lines and also of the re­
maining near edge emission lines appears to depend on the temperature. 
This effect will be treated in the next section together with the tempe­
rature dependence of the energy gap. 
3.3. Energy gap of CuInS
n
 as a function of temperature 
Upon varying the temperature, all near edge emission lines showed 
the same shift in emission energy, while their mutual separation re­
mained unaffected. This indicates that the variation in emission energy 
as a function of temperature originates from the temperature shift of 
the energy gap. From the emission energy of the free exciton (FE ) mea­
sured at different temperatures and with known E (20 meV, see section 
3.2.) , the magnitude of the energy gap and its temperature dependence 
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can now be calculated according to eq. (2). The measured emission energy 
of the Cree exciton FE and the calculated energy gap are plotted in 
figure В for the temperature range A.¿ - 160K. Up to now it was not 
possible to detect the free exciton emission at higher temperature. 
The energy gap was calculated to be 1.555 eV at 4.2K, and increases 
from about 30K with increasing temperature up to a muximum of 1.557 eV 
at about 80K. Such an increase in E with increasing T, which is quite rinoma-
lous for semiconductors, wis also observed for the chalcoDvrites CuGaSn [20І, 
CuInSe [5], AqGaS [21], AqGaSe. and AqGaTe^ [22]. Above ΊΟΚ L decreases 
-5 q -1 
continuouslv with increasinq Τ with η slope of about -j.bxlO eVK . Above 
160K up to room temperature, E mav decrease somewhat faster as can be de-
q 
duced from measurements of the luminescence [7] and wavelenqth modulated 
transmission [2J] at 90 and ^OOK. Wien the variation of E with 
q 
tne temperature is considered as l inear in t i n s range, slopes of 
- \ -1 -1 
-1.2x10 eVK [7] or -2eVK [23] are found. Also these slopes, how­
ever, are small compared to the II-VI and III-V compounds, and are 
/32 
characteristic for the I-III-VI cnalcopyrites [4,5,2^] I he anomalous 
benaviour of tne energy gap can be explained on the basis of the tem­
perature dependent p-d hybridization As shown by Shay, the energy gap 
of the I-IIi-VI chalcopyntes іь lowcitd with respect to the corre­
sponding II-VI binaries by hybridization of the copper or silver d-levels 
witn the chalcogen p-levels [4] The downshift of tne energy gap rela­
tive to the Il-VI compounds appcarea to be proportional to the percen­
tage of d-character of the uppermost valence bands which wa^ indepen­
dently determined from the observed bpm-orbit splittings With mcredS-
ing temperature, the interatomic distances increase and the ρ d hybridi­
zation decreases as has been shown clearly by Sermage et al [¿^]. 
The temperature dependence of the energy gap 01 the chalcopyrites is 
thus the result of an increase due to dinmisning p-d hybridization and 
the normal decrease by decreasing lomcity and Urbach tailing. This 
leads to the positive or very small negative slopes for Ε (Τ). 
j.4. tcwni i-c ton епгзьгоп 
In the energy range 1.500 - 1.5JO eV emission linc^ arc observed 
which originate from bound excitons (bX to EX in tabel l).Also a donor 
to valence band (DV) transition is located \ ithir this range at 1.520 
eV. The lines EX , EX and EX were found for all In-rich samples. The 
EX and DV emissions, however, could not be observed as separate lines 
when the DV emission was intense as was the case for η type In-rich 
samples. Cu-rich CuInS did not show EX emission and only for some 
samples the EX and EX emissions were found. DV emission was present 
for all samples. No significant difterences between η and ρ type annea­
led Cu-rich material were observed. The weak emission lines EX , EX 
and EX occured only in a part of the samples. The relation between 
their occurrence and the defectchemistry is not clear as yet. 
Excitons can form stable complexes with neutral and ionized donors 
or acceptors. The binding energy for neutral exciton donor (acceptor) 
complexes has been calculated by several authors [24-28]. In these cal­
culations the binding energy of the complexes was calculated from the 
Coulomb interactions. Electron-phonon coupling was taken into account 
by Atzmüller et al. [29]. From their results for II-VI compounds we es-
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tímate the exciton-neutral donor binding energy, using m =0.16 and 
e 
HL = 1.30 [13], to be for CuInS.,. 
E B X = 0 · 2 7 E D + EX · (4) 
For an exciton bound to a neatral acceptor we estimate in the same way: 
Ε
Β χ
 = 0.06 Е
д +
 Ε
χ
. (5) 
Also for excitons bound to ionized donors or acceptors, calcula­
tions of the binding energies were performed either with or without 
phonon coupling [10,24,30-33]. Because no general relation can be given 
for the binding energy including phonon coupling, we will take as star­
ting point the binding energies in the effective mass approximation as 
deduced by Sharma and Rodriguez [30], using the experimentally deduced 
effective masses [13]. For the binding energy of an exciton to an 
ionized donor we find then: 
Ε
Β χ
= 1.044 E D. (6) 
In the same way the binding energy of an exciton to an ionized acceptor 
is estimated to be: 
E B X = 1 - 5 E A · ( 7 ) 
The photon energy h^ of radiative transition of a bound exciton is re­
presented by equation (2) when E is substituted by E . Using equa­
tions (2) and (4)-(7), the experimentally determined photon energies of 
the exciton emission lines as well as E (20 eV) and E (1.555 eV) (see 
χ g 
sections 3.2 and 3.3), the ionization energies of the donors or accep­
tors which may correspond to the emission lines can be calculated (see 
table 2). All calculations have been performed for Τ = 4.2K. The re­
sults summarized in table 2 can now be compared with ionization ener­
gies deduced from broad band emission and electrical experiments (see 
part I). Acceptors with ionization energies of 85 to 100 eV (only for 
In-rich CuInS ) and 150 to 160 meV (only in Cu-rich material) were ob­
served, whereas donors with ionization energies of 35 and 72 meV were 
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Table 2: Possible values of E and E (in meV) as calculated from equa­
tions (2) and (4)-(7) for the emission lines EX,-EX^ at 4.2K. 
1 6 
Values which agree well with experimentally observed levels 
are underlined. For further assignment see text. 
e ussion 
line 
EX1 
EX2 
EX3 
E X4 
EX5 
E X6 
h.) (eV) 
.530 
.525 
.;i85 
.5165 
.513 
.509 
neutral 
donor 
ED 
19 
21 
61 
68. 
80 
94 
ionized 
donor 
ь
о 
24 
29 
35 
37 
40 
44 
neutral 
donor 
EA 
83 
167 
242 
307 
358 
425 
ionized 
acceptor 
EA 
17 
20 
24 
26 
28 
31 
found for all types of CuInS . The EX emission at 1.530 eV, which is 
only exhibited by In-rich CuInS , can now be attributed to an exciton 
bound to the acceptor -in its neutral state- present for In-rich compo­
sitions (calculated ionization energy, E = 83 meV). The EX„ emis-
A,Calc 2 
Sion at 1.525 eV may correspond to an exciton bound to either a neutral 
donor (Ε_ _ , =37 meV) or a neutral acceptor (E , = 167 meV). As 
D,Calc A,Cale 
the acceptor level is only found in Cu-nch material and the EX emis­
sion is observed for all compositions, the exciton-neutral donor com­
plex is the most likely emission center for this line. The EX emission 
can be ascribed to excitons bound to an lomzec' donor (E = 35 meV) 
D,Cplr 
The EX and EX emissions could be attributed to excitons bound to the 
donors (see table 2), but their irregular occurrence makes a correla­
tion with the always present donors unlikely. For the same reason an 
assignment in terms of phonon replicas can be excluded (also for EX,). 
6 
It may be proposed that these lines originate from transitions from 
deeper, so far unknown, donor or acceptor levels, possibly due to impu­
rities. 
The emission energies of the bound exciton em: »sion lines were deoending 
on the temperature in the same way as the free exciton emission and the 
energy gap (see section 3.3), which means that the difference in photon 
energy between the lines remained unchanged. The intensities of the 
bound exciton emission lines decrease faster with increasing temperature 
Í35 
Τ (К) 
000 
log-
4 2 
-loo 
-200-
80
 ι η
3 . 240 
Г« /"с іг.іеі.с'- it's о-' ihr fn с exa.'+o> ir-'sg'c» . .
 £3 
^'~r^ ¡'"•iss '(<· .· Г7,, r"/„ J^J +Í'Í'J ifci"'1»' ' · г >? •<• r ,i 
ν> Γ" ^ е τ ' '".'en с '' \>r-~ev<^ тс. 
than that of the free exciton emission аь can be seen in fiq. 9. This 
redibtribution of exciton states was one of the criteria upon vmich the 
discrimination between free and bound exciton emissions was based (see 
section 3.2). The steepest decrease is observed for the donor to valence 
band transition (DV), which will be treated in the next section. Only 
for the free exciton emission, however, a straight part could be obser­
ved in the log I vs — plot, which made the determination of tne activa­
tion energy possible. 
Typical linewidths at 4.2K for the bound exciton emissions are res­
pectively: EX 1.4 meV, EX 2.0 meV, EX 1.8 meV. For the free exciton 
emission a width of 2 meV was found, whereas the DV emission showed 
widths ranging from 2.0 to 12 meV depending on the .type of sample. The 
linewiaths of the bound exciton emissions are typically one order of mag­
nitude larger than those commonly encountered in semiconductors [8]. This 
may be due to large concentrations of defects (impurity broadening) and/ 
or local fluctuations in composition for the Cu and In atoms somewhat 
analogous to II-VI alloys [34-36]. 
The emission energies were not depending on the excitation intensi­
ty. The intensities of the emission lines, however, varied with the exciti-
J36 
tiDr teribityP according to I ~ Ρ with 1.0 < α " ¿.0. This v.as also 
found for the free exciton (FE) and the donor to valence band (DV) emis-
sion. 
J. 5. ? Г>ОР to jgTer.ce bar i missior 
The emission at 1.520 eV is ascribed to a transition from the donor 
with E = 15 meV to the valenco band. For "lany samples, tms emission 
(DV) is accompanied by an emission with comparable intensity at 1.5185 
eV (EX ), which may occur either well resolved or unresolved (see figs. 
1 and 2). The EX emission is generally absent for samples which show 
broadened near edge emission, e.g. η type conductive samples (see sec­
tion j.l). The other exciton emission lines are also absent or low in­
tensities for these samples. The DV emission is the dominant near edge 
emission m these cases. 
The discrimination between the DV emission and the exciton émis-
ions is based upon the following considerations. The DV emission is ob-
served either alone or accompanied by one or more exciton emission lines, 
whereas the latter never occur alone at low temperature (4.2K). This in-
dicates that the DV emission is not affected by screening of the discre-
te exciton states which should occur at a certain critical concentration 
of charged defects [8,9]. So it is suggested that the DV emission is not 
originating from exciton states. This was also concluded by Dirochka et 
al. [V]. From cathodoluminescenee experiments (in this case the DV emis-
sion was located at 1.519 eV) . Tie^e authors and il o 'ha" o*- al. [j-l oi -
served this emission as the only stimulatc-d emission line m CuInS . Al-
so the quenching of the DV emission with increasing temperature (see 
fig. 8) can not be explained on the basis of exciton emission. The DV 
emission shows a much steeper decrease of the mten-ity with increasing 
temperature than the exciton emissions, which indicates that the activa-
tion energy for quenching (see eq. (3)) is high compared to the exciton 
emissions. This was to be expected, because for donor to valence band 
emission the activation energy should equal E OS meV), whicn is (much) 
larger than the binding energy of bound excitons. The activation energy 
could not be determined from the log I v, — plot, because no linear part 
was obtained. Finally, the linewidths of the exciton emissions are not 
exceeding 2 meV, while for the DV line widths between 2 and 12 meV are 
137 
observed (see section 3.4). 
In accordance with the proposed donor to valence band character is 
the fact that the sura of the photon energy of the emission (1.520 eV) and 
the donor ionization energy (35 meV) equals the value of the energy gap 
(1.555 eV) . In addition, the difference in photon energy (1.5 meV) be­
tween the DV and EX lines is in good agreement with the calculated 
binding energy for an exciton bound to an ionized donor with E = 35 meV, 
resulting in a difference between both of 1.54 meV (see equation (6)). 
4. Defect-chemical considerations 
In table 3, the exciton emission lines are summarized which could 
be assigned in the foregoing sections. The occurrence of these lines can 
be explained within the same model as which applied for the broad band 
emission (see part I). According to this model, EX should correspond to 
an exciton bound by a neutral acceptor with an ionization energy of a-
bout 0.10 eV. This acceptor was found in In-rich CuInS and ascribed to 
V in part I. EX, was never observed in Cu-nch samples in agreement Cu ^ 1 f i 
with this assignment. EX is most likely related to a neutral donor with 
an ionization energy of 35 meV. ЬХ is present in almost 
all samples, just as the 35 meV donor level. The most probable defects 
for this donor are V , I·. or an impurity (especially Fe) . EX is also 
closely related to this level, because it should correspond to an exci­
ton bound to an ionized donor with E = 35 meV. The DV emission is inter­
preted as a transition from the 35 meV donor level to the valence band. 
This emission is present in all samples with different intensity. The 
donor to valence band emission is relatively strong in η type conductive 
samples and other samples which exhibited broadened near edge emibsion. 
For other samples one of the bound exciton emissions is generally the 
strongest emission at low temperature (4.2K), viz. EX . The influence of 
the defect-chemistry is reflected in two other properties of the near 
edge emission lines, viz. their linewidths and their relative intensi­
ties compared to the broad band emission. High defect concentrations 
cause a broadening of the exciton and the DV lines with a simultaneous 
decrease of their relative intensities because of screening effects 
[8,9]. Screening is not so important for the electron donor interaction 
and thus for the DV emission, which lea^s to the observed dominancy of 
this emission at high defect concentrations. 
13« 
Table 3: assiqned near edge emission lines (photon energies at 4.2K, 
e x c e p t FE : ПОЮ . 
В 
Emis­
sion 
line 
hx> (eV) assignment probable 
defect 
FE„ 1.551 f r e e e x c i t o n Г., 
1.535 f r e e e x c i t o n Г,. 
DV 
EX . 
1.530 exciton bound to neutral acceptor E =0.10 eV V 
^ A Cu 
1.52 5 exciton bound to neutral donor E = 3 5 meV Vcln^,, or 
D ' ^ u impurity 
1.520 donor (E =35 meV) to valence band idem 
1.5105 exciton bound to ionized donor E = 35 meV idem 
5. Conclusions 
The near edge emission of CuInS was found to consist of free exci­
ton, bound exciton and donor to valence band emissions. From studies of 
the emission as a function of temperature, the exciton ionization energy 
(20 meV) and the temperature-dependence of the energy gap could be de­
termined. For the first time, in addition, emission was observed origi­
nating from the free exciton state belonging to the about 0.02 eV deeper 
lying Г valence bands. The most important bound exciton emission lines 
could be assigned in terms of the same donor and acceptor levels as those 
which were found to be responsible for the broad band emission (see part 
I). Among the exciton emissions a donor to valence band transition is 
located originating from the donor with E = 35 meV. The near edge emis­
sion of CuInS , like the broad band emission as was shown in part I, 
thus appears to be closely related to the defect-chemistry of the com­
pound. 
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CHAPTER Χ 
OPTICAL PROPERTIES ΟΓ THIN CuInS FILMS 
ABSTRACT 
The optical properties near the band edge of CuInS thin films pre­
pared via the two stage process are studied by means of optical absorption 
and luminescence measurements. The energy gap was found to lie in the range 
1.41 to 1.43eV. The influence of surface roughness induced by deviations 
from the ideal Cu-In ratio is investigated. For the first time luminescence 
from CuInS thin films is observed (peak energy l.J3eV). 
1. Introduction 
In a recent paper [ 1 ] , the preparation of thin CuInS. films has 
been described. It appaered that single phase, polycrystalline, CuInS 
films, which showed zincblende structure, could be prepared via a two 
stage process consisting of molecular beam deposition of Cuín films 
and the sulfurization of these films by Η Ξ or in the presence of liquid 
sulfur. The films are prepared in order to investigate the possible 
utilization for photovoltaic applications and to study the optical pro­
perties near the band edge. This paper will deal with the latter studies. 
The optical absorption near the band edge has been reported in 
literature for both crystals [ 2 - 4 ] and thin films [ 5 - 8] . CuInS was 
found to be a direct gap semiconductor with an energy gap E m the range 
g 
1.524 to l,54eV [ 4 - 6]. The luminescence properties have been reported 
M3 
only for crystals [2,7,9,10]. From measurements of the exciton luminescence 
it appeared that E increased between 4.2K and 80K from 1.555eV to 
1.557eV. Going to higher temperatures a continuous decrease in E was 
-5 -1 ^ 
observed with a slope of -3.5x10 eVK [ 10] . Because both techniques, 
the optical absorption and the luminescence measurements, may provide 
information about the electronic structure near the band edge, it seems 
interesting to apply them to the thin films prepared via the two stage 
process. 
2. Experimental 
The two stage process for the preparation of thin CuInS? films has 
been described elsewhere extensively [ 1] . Only those films were included 
j_n the optical studies, which were prepared at temperatures at which 
r 
single phase CuInS. formation is possible. The composition of the films was 
checked by X-ray microanalysis.By means of transmission electron micro­
scopy it was found that the grain size was about O.lym. 
The optical absorption was determined at room temperature using a 
Carv 14 spetrophotoneter with unpolanzed light at normal incidence. The 
spectral range considered was 0.5 to 1.6vim. The absorption coefficient 
a(hv) was evaluated by fitting the expression for the transmission of an 
absorbing film on a transparent substrate (see ref. [ 11]) to the experimental 
transmission curves. The thickness of the films (range 0.3 - 1.2ym) was 
determined by means of a step profiler. In the calculations the refractive 
index data of CuInS reported in literature [ 4] were used. 
The experimental set up for the luminescence measurements has been 
described in a previous paper [9]. 
3. Results and Discussion 
The absorption coefficient a(hv) of several CuInS films (corrected 
2 for the residual absorption a at 1. 5μπι and plotted as (a-ou) for reasons 
given below) is shown in fig. 1. Samplet, with a Cu-In ratio (moleculanty) 
close to 1.0 showed absorption curves like that of sample a. Also samples 
with a slightly deviating Cu-In ratio (a few percent) are included in 
fig. 1, viz. a Cu-nch film (b) and an In-rich film (c) . All these films 
were prepared at 300 С in H S (see ref. [l]). Films prepared in the pres-
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enee of liquid S showed a similar trend, films with a Cu-In ratio close 
to 1 0 having the lowest a(hv) 
At higher values of the photon energy (hv > 1 4eV), linear parts in 
о 
the (а-а )" curves can be discerned This was to be expected as CuInS 
is a direct gap semiconductor [4]. From extrapolation of the linear parts, 
values for E of 1.41iV (the Tn-nch sample c) to 1 43eV (sample a with 
almost ideal Cu-In ratio) These values for E differ markedly from the 
values reported in literature for crystals [2,4] and directly evaporated 
thin films [5,6], which lie in the range 1.524 to 1 54eV The E value 
g 
observed here is, on the contrary, close to the 'pseudo gap" reported for 
crystals and films [3,5,8], which was attributed to acceptor to conduc­
tion band transitions. 
Another striking feature of the curves presented in fig. 1 is the 
large difference in absorption coefficients for the different films. For 
sample a, a(hv) is in good agreement with literature data [5,6] above 
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Fig. 2 Emission spectra of a CuInS thin film and an (In-rich) Ci'JnS„ 
crystal, both at 4.2K. 
1.5eV. The much higher absorption coefficients for samples b and с are 
most likely due to scattering effects at the rather rough film surface. 
Films with a slight deviation from the ideal Cu-In ratio were found to be 
crowded with particles of second phases (coppersulfides and indiumsul-
fides) [l]. Scattering at the surface will be minimal for a minimal 
density of particles, thus for film a, which possesses the ideal Cu-In 
ratio. The scattering may also affect the value of E found from the 
absorption curve as is clear from the differences between curves a, b 
and c. But this effect can not explain the entire difference with the 
literature data, because also for film a, which shows nearly ideal be­
haviour, a low E value (1.43eV) is found. 
g 
The luminescence spectrum of the thin films - the first observation 
of radiative emission for CuInS films - consisted of a rather broad 
emission band around І.ЗЗе (+0.01eV) as shown in fig.2, independent of 
the Cu-In ratio. The halfwidth amounted to O.lOeV at 4.2K (for single 
crystals the width was 0.025eV at 4.2K). No exciton emission was observed 
for the thin films. The luminescence measurements point also to a lowering 
of E , as a shift of the broad band emission peak over about O.leV to lower 
g 
energy is found for films compared with crystals. Because the precise 
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origin of the emission is not known, the evaluation of energy levels is 
not yet possible. 
It can be concluded from the optical measurements, that also when 
taking into account the effect of surface roughness there is a discrepancy 
of about O.lOeV between the measured E and the literature value. For this 
g 
discrepancy three causes can be considered, viz. (i) accumulation of 
second phases at grain boundaries, (11) absorption from acceptor states about 
O.leV above the valence band and (111) a possible difference in crystal 
structure between films (zmcblende) and crystals (chalcopyrite) . The 
grain size itself will not be responsible for the decrease in Ε , because 
4 
the literature data were obtained on films with similar grain size [ 5,6]. 
On the other hand, second phases may accumulate at grain boundaries 
causing additional absorption. Also absorption by - second phase - par­
ticles at the surface, which are still present on films with the correct 
Cu-In ratio, may play a role. Furthermore, absorption from acceptor 
states may occur, because indeed acceptor levels are reported in this 
range of ionization energy [ 9] . Finally, the altered crystal structure 
can be responsible for the lowered E , as always only zmcblende reflec­
tions were observed for the films prepared via the two stage process [ 1] . 
4.Conclusions 
The energy gap of CuInS films prepared via the two stage process 
was found to lie in the range 1.41 - 1.43eV,- about O.lOeV below the 
literature value. Surface roughness due to particles at the film affected 
the measured transmission curves, especially in the case of films 
with a deviating Cu-In ratio. Accumulation of second phases at gram 
boundaries, acceptor to conduction band transitions or the altered 
crystal structure probably cause the difference between the measured 
E and the literature value. In addition, for the first time luminescence 
g 
from CuInS films is reported. 
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CHAPTER XI 
DEFECT CHEMISTRY OF CuInS. AS INVESTIGATED BY ELECTRICAL MEASUREMENTS AND 
MOSSBAUER SPECTROSCOPY 
ABSTRACT 
Electrical measurements are performed on CuInS single crystals 
(grown via chemical vapour transport), which were annealed under well 
defined conditions of moleculanty and stoichiometry on four different 
positions of the CuInS. phase boundary. In this way two acceptor levels 
are detected, viz. at O.lOeV in In-rich material and at 0.15eV in 
Cu-nch material. The first is ascribed to V , the latter to V or 
Cu In 
CuT . Also a donor level at 0.035eV is observed, which is assigned to In 
V or In as most likely defects. The incorporation of iron, which is 
by far the most important impurity as revealed by spectrochemical anal­
ysis (concentration about 5 χ 10 cm ), was studied by means of 
Mossbauer spectroscopy. Irrespective of the moleculanty and the stoi­
chiometry iron appeared to be incorporated as Fe on both Cu and In 
sites in a concentration ratio of roughly 3.1. 
M9 
1. Introduction 
Several authors have reported about the defectchemistry of CuInS . 
Tell et al. [l] found that annealing in the presence of sulfur yielded 
p-type conductive CuInS , while by annealing in the presence of copper 
η-type material was obtained. Similar observations were reported by 
Look and Manthuruthil [2], who produced η-type crystals by annealing in 
the presence of indium. Verheizen [3] studied the photoluminescence and 
the electrical properties of copper- and sulfur-annealed material. 
Massé et al. [4] described the influence of annealing in In, Ξ, In + S or 
vacuum on the cathodeluminescence. Recently, the photoluminescence of 
p-type (sulfur-annealed) CuInS was reported by Vecchi and Ramos [s]. 
The annealing in the presence of one component as performed by all 
these authors, however, does not correspond with equilibrium conditions, 
because the equilibrium state of a ternary phase can only be attained 
under the fixed activities (pressures) of two components [6]. In addi­
tion, the role of cation disorder (Cu on In sites and vice versa) which 
is an additional mechanism for defect formation in ternaries as com­
pared to binary compounds, was neglected so far. The influence of im­
purities, finally, was only studied by Brandt et al. [7], who reported 
the incorporation of iron during the crystal growth of CuInS- via chemi­
cal vapour transport. So it is implied, that the defectchemistry of 
CuInS- needs a closer examination. Therefore we studied the photolumines­
cence of CuInS» annealed in equilibrium conditions, taking into account 
cation disorder and the role of impurities [8,9]. In this paper it is 
attempted to give a further characterization of the defectchemistry on 
a more quantitative basis, employing Hall and electrical resistivity 
measurements in the van der Pauw configuration and Mossbauer spectros­
copy. 
2. Experimental 
CuInS- crystals were prepared by chemical vapour transport (CVT) 
as described previously [10]. The typical dimensions of crystals used 
for the electrical measurements were 10 χ 4 χ 1 mm . The annealing 
procedures, in which the crystals are equilibrated in the presence of 
150 
two other components of the Cu-In-S system, are described in ref. [0]. 
For the electrical - Hall/van der Pauw - measurements the crystal 
was mounted in a cryostat (Oxford Instruments) capable of stabilizing 
sample temperatures within 0.2K in the range 4.2 to 500K. The Hall-
measurements were performed at a magnetic field strenght of 0.55T. 
Evaporated gold and ultrasonic soldered indium provided ohmic contacts 
on p-type and η-type material respectively. 
For the Mossbauer experiments CuInS„ was doped with pure Fe and 
an equimolar amount of S (in order to avoid a sulfur deficiency) at a 
concentration of 2 at %. Homogeneization was achieved by shaking the 
molten material. This concentrated material was further diluted with 
CuInS to a final concentration of 0.04 at % by mixing in a mortar and 
57 
again melting. The concentration of 0.04 at % Fe is of the same order 
of magnitude as the total amount of iron which is normally present in 
as grown CuInS^ (see next section). The CuInS . 0.04 at % Fe powder 
was subsequently annealed in the same way as the crystals used for the 
electrical measurements. 
The Mossbauer spectra were recorded with a conventional linear 
drive at 77K against a Co. Rh source. The powdered samples were diluted 
with boron nitride powder (if necessary). The absorber thickness was 
57 -2 
about 0.02 mg Fe cm 
Results and Discussion 
3.1. General observatzons 
The room temperature electrical properties of samples annealed in 
different atmospheres are summarized in table 1. 'Jell conducting p-type 
material could be prepared by annealing in the presence of Cu_S and S 
("Cu-nch") or Cuín S and S ("In-rich") at 750 C. The sulfur pressure 
was about 1.0 atm. Similar annealing in the presence of Cu S/cu In 
("Cu-nch") or Cuín Ξ /In ("In-rich") yielded η-type material. Annealing 
with Cu S and Cu for short times (< 4r\) resulted m η-type material, 
which was converted into p-type by prolonged annealing. In order to 
check whether equilibrium between Cu and CuInS. could be attained a 
sample with the overall composition Cu In Ξ lying within the triangle 
Cu-Cu S-CuInS was prepared. By means of X-ray diffraction it was revealed 
ÍSf 
π Pcm) 
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17 
0 . 5 
1 .5 
. ( c m 2 v " 1 s Ь 
12 
13 
42 
35 
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І . З х І О
1 6
 (ρ) 
2 . 0 χ 1 0 1 6 (ρ) 
З . О х Ю
1 7
 (η) 
1 . 2 χ 1 0 1 7 (η) 
Table 1: room-temperature electrical properties of CuInS crystals 
annealed under various conditions at 750 C. 
Annealed in the 
presence of 
Cu2S/S 
CuIn5S8/S 
Cu2S/Cu4In 
Cuín S /In 
that the coexisting phases in this case are CuInS , Cu S and Cu In. So 
no equilibrium exists between CuInS and Cu. This situation shows a 
close resemblance to the only ternary I-III-VI system studied up to now, 
viz. Cu-Ga-S [11]. In this system equilibrium was attained between a 
Cu-Ga alloy, Cu.S and CuGaS. instead of between Cu, Cu S and CuGaS . 
In order to obtain more information about the incorporation of im-
purities during the growth and annealing procedures, spectrochemical 
analyses were performed. In table 2, the results for the most important 
impurities are collected for both melt and CVT-grown samples. From these 
analyses it is clear that especially Fe is incorporated in the material 
1 О _ Τ 
(concentration about 5 χ 10 cm ). other elements are found in concen­
trations at least one order of magnitude lower. As the Fe concentration 
nearly equals the typical concentrations of defects as determined by 
electrical measurements (see the forthcoming section), the role of Fe 
needs to be considered in more detail. A useful method in this respect 
is Mossbauer spectroscopy, which can give information about the valence 
state and also about the crystallographic position of the incorporated 
iron as is shown in section 3.3. 
Table 2: impurity contents of melt and CVT-grown CuInS 
Element Concentration (ppm) 
Melt-grown CVT-grown 
Fe 50 40 
Ag 0.3 1.2 
Mg 0.6 0.8 
Mn 0.5 0.4 
Mo <0.6 0.6 
Î5Z 
3.2. ^leJtrñ.oaL ne as J venenis 
The Hall and resistivity measurements described in this section all 
concern ыпдіе crystalline material (CVT-grown) . Compared to melt grown 
polycrystalline material this has the advantage of a more straightforward 
interpretation of the results. On the other hand, the presence of iodine, 
which is the transporting agent in the CVT growth could have been a dis­
advantage, but because after annealing the properties of melt and CVT-
grown CuInS^ are similar [8,12], this disadvantage is overcome in our 
case. 
The calculated carrier concentrations and mobilities for p-type 
conductive samples (both Cu and In-rich) are shown in figs. 1 and 2, 
which give representative plots of log pT vs — and log u vs log T. 
The hole concentrations were calculated from the measured Hall factor R 
1 H 
according to ρ = ——-, taking the scattering factor as unity, which may 
e Rj, 
introduce an error of at most 20% in ρ [li]. 
-3/2 1 
The log pT vs — plots show a linear dependence over ье егаі or­
ders of magnitude. This indicates that no degeneration occurs. No so 
called "exhaustion region", at which ρ is temperature-independent, is 
found which points to a high degree of compensation [12]. The mobility 
curves posses maxima at about 200K. At high temperature they follow the 
-3/2 
relation μ •ν Τ , which is in agreement with scattering by acoustical 
phonon modes [l¿]. 
The mobility data can be used to calculate the concentration of 
ionised defects (impurities), N , trom the Brooks-Herring formula [12], 
modified for the case of p-like valence bands [2]· 
2 27/2 b2Q (kT) V 2 
Ni = 'зсю' ТзТг з
 +
i/2 ~~ (1) 
τ e m* u f (χ) 
Ρ Ι 
where ε is the static dielectric constant, 10.2 for Culnb. [13], m* the 
о 2 ρ 
hole effective mass, 1.30 [2], u the hole mobility as determined by 
ionised impurity scattering and f(x) = ln(l+x) - x(l+x) with 
* 2 
Gi π (kT) 
-re h ρ 
The maximum value of μ in the μ vs Τ plot can be assumed to be equal to 
2μ if Matthiessen's rule is valid and μ is symmetrical 
about this maximum. For Cu-nch CuInS. (annealed in the presence of 
1 8 - 3 
Cu S and S), N is then calculated to be 4.3 χ 10 cm , which is 
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considerably larger than the hole concentration ρ at the temperature of 
the maximum mobility. So direct evidence is obtained that the material 
is compensated. In this case (p-type materia]) N equals 
I R — Τ 1 8 — Τ 
2N + ρ 'ь 2Ν = 4.3 χ 10 cm , or Ν = 2.2 χ 10 cm 
D — D D 
From the hole concentration as a function of temperature we can cal­
culate now the acceptor concentration N and the ionization energy E . 
The formula for the hole concentration in a compensated semiconductor is 
[12]: 
4(N - Ν )φ 
ρ = >!«> +N > {[1 + 2r-] -1} (3) 
(V + N ) 
with . 
15 3/2 3/2 
φ = Ь N exp(-E /кт) = 2.423 χ 10 m* Τ exp(-E/kT) 
V A ρ A 
At low temperatures, at which ρ << N . N - Ν , equation (3) can be 
reduced to : 
Ν N 
ρ = (— - l)f = 2.423 χ 10 1 5 (— - 1) m* 3 / 2 T 3 / 2 exp(-E /kT) 
D D (4) 
-3/2 1 
From the plot of log pT vs —, E is calculated to be 0.15eV and 
N ' A 
A I n — "ì 1 fi — 1 
— = 1.2Θ. With N = 2.2 χ 10 cm we find thus N = 2.8 χ 10 cm . 
N D D A 
An acceptor level at 0.15eV above the valence band has also been 
reported by Look and Manthuruthil [2] and by Verheizen [З] for material 
annealed only m the presence of sulfur. In this paper it is shown that 
this acceptor level is correlated with Cu-nch material annealed in the 
presence of Cu S and S. The results of the other authors must then be 
explained on the basis of the high indiumsulfide vapour pressure ex­
pected above CuInS-, making the material Cu-nch when annealed only in 
the presence of sulfur. It may be noted, furthermore, that luminescence 
experiments also revealed a level of 0.15eV for Cu-nch CuInS [8]. 
For p-type In-rich material (annealed in the presence of Cuín S 
5 В 
and S) a similar analysis was performed of the results shown in figs. 1 
and 2. This yielded: N = 1.8 χ 10 cm" , N = 2.0 χ 10 cm" and 
D A 
E = O.lOeV. The donor and acceptor concentrations are thus not very 
different from those in Cu-nch CuInS-, although the acceptors corre­
spond to different defects. This night be caused by the fact that the 
"solubility" of the acceptors is determined by the concentration of 
donors, which appears to be constant in Cu and In-rich p-type samples. 
/55 
Tlie level at U. lOeV was not earlier reported in electrical experiments 
on CuInS so far, but an indication for its presence was already ob­
tained from the luminescence [8], where it is also correlated with In-
rich material. 
Representative data for η-type conductive samples (both Cu and In-
rich) are shown in figs. 3 and 4. Again the scattering factor was taken 
to be unity in the interpretation of the Hall-measurements. Also in 
this case, the Brooks-Herring relation (eqs. (1) and (2)) can be used to 
estimate the concentration of ionized impurities. With m* = 0.16 [2], 
and omitting a [actor ? because the conduction band is s-like [2], we 
find for η-type Cu-nch CuInS (annealed in the xiresence of Cu.S and 
Cu In): N = 3.2 χ 10 cm . Because at the temperature of the maximum 
mobility (160K) N ",s n, N equals 2N , which gives for N a value of 
1 8 - 3 A 
1.6 χ 10 cm . The electron concentration η as a function of tempera­
ture can then be described by eq. (4) when ρ and n, N„ and N„, m* and 
A
-3/2 D 1 P 
m* and E and E are interchanged. The plot oí log η Τ ь — yields 
n A D
 N D 18 -3
 T 
E = 34 meV and — = 1.48, giving Ν a. 2.4 χ 10 cm Indications 
for the presence of a donor with an ionization energy of about 35 meV 
were already obtained from luminescence measurements on CuInS. [8,9]. 
This level may also be identical to the 45 meV level observed b^ Lahlou 
and Massé by fitting time resolved spectra of the cathodoluminescence. 
For η-type In-rich CuInS (annealed in the presence of Cuín S and 2
 18 -3 Ьі8 -3 
In) a similar analysis leads to N ^ 2.8 χ 10 cm , N„ я, 4 χ 10 cm 
A — D — 
and E = 37 meV. So the same donor level is found for Cu-nch and In-
D 
rich CuInS^,, which is in agreement with the luminescence experiments 
[8,9]. The degree of compensation is high in both cases. 
In the luminescence experiments an additional donor level was ob­
served with an ionization energy of 72 meV. Because our log ηΊ vs — 
plots are in good agreement with a single donor level at 35 meV, no 
indication of the presence of the deeper donor can be obtained from the 
Hall-measurements. Computer fits for a two donor - one acceptor system 
indicated that for the N and N„ values observed here the electron con-
A D 
centration is not significantly affected if the concentration of the 
deeper donor is less than that of the shallower one by a factor of 
about 4 or more. Finally it may be noted, that a deep donor level 
(E 2i. 0.3 to 0.4eV) may be introduced by iodine as was observed for 
/56 
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CuGaSe^ [14]. Up to now, however, no indicat ion for the presence of such 
a level was obtained even for аь grown c r y s t a l s by our experiments (see 
also ref. [8]) and those of other authors [4 ,5] . 
Final ly, the r e s u l t s of the e l e c t r i c a l measurements are summarized 
in table 1, which gives the e l e c t r i c a l l y active level together with i t s 
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Table 3: electrically active levels together with their ionization 
energies and concentrations for each of the four compositions 
at the CuInS phase boundary which were investigated. Also 
the concentration of compensating levels is listed in each case. 
Annealing 
condition 
Cu2S/S 
CuIn5Sa/S 
Cu2S/Cu4In 
CuIn5S8/In 
Active 
level 
acceptor 
acceptor 
donor 
Honor 
E
A'
ED 
(ev) 
0.15 
0.10 
0.034 
0.037 
18A 3 
2.8 
2.0 
1.6 
2.8 
(10 18 ^ 
cm ) 
2.2 
1.8 
2.4 
4.0 
ionization energy and concentration and the concentration of the compen-
sating level ( 
investigated. 
(s) for each of the four compositions of CuInS which were 
3.3. Mössbauer Spectroscopy 
The Mossbauer spectra for CuInS • 2 at % Fe (p-type) and n-type 
CuInS · 0.04 at % Fe showed two quadrupole split doublets, whereas for 
57 
p-type CuInS^,. 0.04 at % Fe only one doublet could be observed up to 
now because of the low Fe concentration in this type of sample (see 
fig. 5). The indicated concentrations are based on calculations which 
assume homogeneous mixing of the starting materials and need not to be 
actual concentrations. No difference in spectrum was observed between 
Cu-nch and In-rich material. In table 4, the hyper fine interaction 
parameters - the quadrupole splitting QS, the isomer shift IS and the 
line width Γ are summarized for the samples mentioned above. Also the 
area ratio R of the outer (QS ^ 3.2 mm/s) doublet and the inner 
(2Ξ ^  2.5 mm/s) doublet has been listed. 
By comparison of the quadrupole splitting and the isomer shift with 
data reported in literature [15-17] both doublets are attributed to the 
2+ 
high spin Fe ion. In a tetrahedral environment, as will exist in this 
У + 6 
case, the Fe 3d ground state splits in a lower E doublet and an 
IBS 
(a) CulnS, 2·/. " F e 
(Ь) CulnS2 0 0 í % 5 ' F e \ , " 
η type 
(с) CulnSj 004'/. 57Fe 
Ρ type 
57 Ы 
Fig. S Mussbauer spectra of CuInS^: Fe recorded at 77K. (a) [ Fe ] - 2atZ, 
57 ' 
ρ type material; (b) [ Ге ] = O.Oiat", η type material; 57 (с) [ Ге ]= 0.04at%, ρ type material. 
upper Τ triplet. The observed quadrupole splitting will be due to a 
further splitting of the E doublet by deformation of the tetrahedral 
configuration in the tetragonal crystal field [18]. 
As already mentioned, two different doublets are observed. These 
doublets can only arise from isolated Fe at different crystallographic 
positions, because pair formation will be negligible even for the con­
centrated sample [17]. Indeed two different tetrahedrally coordinated 
positions are available in the lattice, viz. the Cu sites and the In 
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Table 4: Hyperfine interaction parameters (in mm/s) for the Mñssbauer 
spectra presented in fig.5. QS is the quadrupole splitting and 
IS the isomer shift referred to a Co:Rh source. " is the full 
width at half height, and R the area ratio of the outer doublet 
(QS = 3.2mm/s) and the inner doublet (QS = 2.5mni/s). Errors are 
given in parentheses. 
Type of sample Inner Doublet Outer Doublet R 
QS IS г QS IS Г 
2.0% Fe 2.59(4) 0.74(1) 0.54(5) 3.215(2) 0.665(1) 0.255(4) 3.6 
0.04% 7Fe η-type 2.3(2) 0.73(4) 0.9(2) 3.191(5) 0.661(2) 0.218(9) 2.3 
0.04% 5 7Fe p-type — — — 3.24(2) 0.655(9) 0.25(3) — 
sites, if only substitutionally incorirorated iron is considered. This is 
justified by the fact that in the structurally similar II-VI compounds 
the incorporation of foreign atoms only occurs substitutionally and not 
interstitially [18]. The - high - preparation temperature may play a 
role in this respect, as in PbS only interstitial Fe was observed by in-
diffusion at low temperature (100 C) whereas by annealing at elevated 
temperatures only substitutional Fe was found [19]. The observed quadru­
pole interaction is rather large and is due to the distortion of the 
Cu-S and In-S tetrahedra from the ideal configuration. In a tetragonal 
field the splitting of the lower E doublet results in a asymmetric 
electron distribution. As long as the energy separation δ between the E 
g 
levels is small compared to the cubic field splitting (energy separation 
between E and Τ ), the quadrupole splitting QS is given by [17] 
QS = QS
o
 tanh — (5) 
with QS ъ 3 mm/s. For QS = 2.5 (inner doublet) δ is calculated to be 
0.02eV when the effect of spin-orbit splitting is neglected. For 
QS = 3.2 mm/s (outer doublet) equation (5) obviously is not valid, but 
δ will be larger than 0.02eV. These δ values correspond with the local 
tetragonal fields at the Cu-S and the In-S tetrahedra. 
On the basis of a comparison of the measured hyperfine parameters 
(see table 4) gjven below, the outer doublet is now ascribed to Fe at 
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Cu sites and the inner doublet to Fe at In sites. First, the larger δ 
and thus the larger quadrupole splitting is expected for the Cu-S tetra-
hedra, which are more deformed than the Ιη-Ξ tetrahedra [20]. In addi­
tion, the electron density on the smaller Cu site will be larger lead­
ing to the smaller isomer shift of the outer doublet. Finally, the line 
width for Fe' should be smaller than for Fe' because of the expected Cu In 
smaller thermal displacement factor of the former. Also this is con­
firmed upon inspection of table 4 . 
The intensity ratio of both doublets points to a preferred incor­
poration of Fe on the Cu site (see table 4), if the recoilless fractions 
are assumed to be equal in both cases. This phenomenon may be explained 
on the basis of the tetrahedral covalent atomic radii, 1.225A for Cu and 
1.405A for In [ 21] , whereas the Fe-radius will not differ much from that 
of the other third row elements and also be about 1.2Д. The Fe concen­
tration in ρ type samples was found to be less than that of η type samples 
when the absolute intensities of the absorption lines are compared. 
Whether this is due to inhomogeneities in the starting material or a 
purification effect by the annealing under a high sulfur pressure is 
not clear up to now, and more detailed studies are necessary to elucidate 
this phenomenon 
As to the role of Fe in the defect chemistry of CuInS the following 
conclusions can be drawn. Independent of the annealing conditions, which 
lead to either In-rich, Cu-nch, ρ or η type material, as described elsewhere 
in this paper, divalent iron is incorporated on Cu and In sites in the 
1Я —1 
ratio of about 3 : 1 . For a total Fe concentration of about 4x10 cm 
(see table 2), this leads to 3x10 cm Fe' and 1x10 cm Fe' . 
Cu In 
At these sites iron acts as a donor (Fe ) or as an acceptor (Fe ) 
Cu In 
according to: 
and 
Fe* i Fe„ + e' Cu Cu 
Fe* S Fe' + h" 
In In 
From the Mössbauer experiments it is clear that both the Fe donor 
^ Cu 
and the Ге acceptor are only found in their ionized (enpty) state under 
all conditions of stoichiometry. The first explanation for this invariance 
of the valency of the incorporated iron is that the electronic levels of 
the formed defects are shallow (shallower than the shallowest level 
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which is even empty in η type CuInS , is entirely compensated for an 
detected in the electrical experiments) or even located in the conduction 
or the valence band, whereas their concentrations should be less than 
those of the compensating acceptors (donors). Compensation should occur 
(even in the case of levels located inside the conduction or the valence 
band) because the concentrations of free holes (electrons) are far below 
the Fe concentration (see section 3.2). The Fe acceptor is indeed 
In 
always entirely compensated because: [Fe* ] > [Fe1 ]. The Fe donor, 1
 * Cu In Cu 
which is even empty in η type CuInS , is e 
intrinsic acceptor concentration [ A ] of: 
[Fe* ] - [Fe' ] < [A ]= 2xl018cm~3 
Cu In ι 
With the here estimated Fe concentrations it can be deduced that the 
ID _ τ 
ionized impurity concentration, N , should be at least 6x10 cm (viz. 
twice [ Fe' ] ) in all cases. This minimum value of N seems rather high 
when it is compared with the result^ of the electrical measurements, 
IR — Ί 
which yield typical values of N of about 3 to 6x10 cm . It should be 
kept in mind, however, that the N values calculated from the mobility 
curves can give an indication about the order of magnitude only. Further­
more, the samples used for the electrical measurements may contain some­
what less iron than the analyzed ones. In this view the results of both 
techniques are in very good agreement 
Another explanation for the invariance of the valency of the incorpor­
ated iron may be the formation of associates with native defects as ob­
served in numerous II-VI compounds [ 22] and also in AgGaS [ 23] . The 
valency of the associate as a whole may be changed then upon annealing 
leading to either filled or empty donor (acceptor) levels. However, within 
the associate, iron is maintaining its divalent state in that case. 
It can be concluded furthermore, that double ionized Fe centres do not 
occur in CuInS , otherwise Fe'" (i.e. Fe on a Cu site) would be observed 
in ρ type samples and Fe'' (i.e. Fe on an In site) in η type material. 
In 
Finally, it should be noted that the incorporation of iron in CuInS 
is somewhat different from that in CuGaS [ 16] and AgGaS [ 23] , wnere high 
concentrations of Fe (of the order 10 cm ) were found. This may be due to a 
different position (larger E ) for the Fe acceptor level as compared with 
Fe in CuInS., and less preference of Fe for the monovalent site (Ге and 
In 2 
Ga have similar covalent radii). The different behaviour of CuInS may be 
caused moreover by a different location of the equilibrium between the 
f6Z 
crystal and sulfur in the gas phase: 
Sj % V* + bS^tg) 
o b ¿. 
К = [V* Jp' S S b (6) 
This latter explanation may also hold for CuInSe (replacing S by Se in 
3+ l n 
(6) ), another compound which showed high Fe concentrations (10 
IR —3 
10 cm ) after preparation from the melt [ 24] . 
4. Defect chemistry of CuInS 
On the basis of the electrical and Mössbauer experiments and also 
with the aid of the luminescence measurements [8,9], a defect-chemical 
model for CuInS„ can be constructed. In the interpretation of the broad 
band luminescence [ θ] , it has already been argued that, for defect-
chemical reasons, the acceptor at O.lOeV, which only occurs in In-rich material, 
may correspond to V . The acceptor at 0.15eV, which is only observed 
in Cu-nch material was found to be due to either V or Cu T . The 
In In 
nature of the donors (at 35 and 72meV) was not known so far, but, because 
iron does not act as an active centr^ the most likely defects are V 
and In . Only Fe, may still play a role in the formation of an active 
Cu * In Jr r * 
donor, when associated with a defect which acts as a donor, such as the 
already mentioned V or In 
S Cu 
Iron itself introduces only empty levels for all CuInS.-compositions, 
viz. Fe" (empty donor) and Fe' (empty acceptor). Because the concentrations Cu In 
of free carriers are small compared with the ionized defect concentrations, 
the electroneutrality condition reads in general 
[Л' ] + [Fe^
n
 ] = [D- ] + [Fe¿u ] 
For A' should be read V' (In-rich CuInSj or V1 or Cu' (Cu-nch CuInSj , 
Cu 2 In In 2 
whereas D* stands for V' or In* . 
S Cu 
In table 5, the donor and acceptor levels reported for CuInS. (both 
present and from littérature) are summarized together with their previous 
and present assignments. The acceptor at 0.15eV (V or Cu ) has been 
In In 
observed previously [2,3] for as grown and sulfur-annealed material. In 
this work, this acceptor appeared to be related to Cu-nch CuInS.. The 
occurence of this defect in the former cases can be explained now on the 
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Table 5: donor and acceptor levels observed in CuInS
n
 crystals and 
their present assignment. 
level preparation 
conditions 
ionization 
energy Ε ,E (eV) 
assignment 
in litt. present 
ref. 
acceptor 
donor 
donor 
acceptor 
donor 
acceptor 
acceptor 
donor 
as grown 
7 
In anneal 
S anneal 
all samples 
Cu S/S ann. 
Cuín SD/S ann. 
Cu2S/Cu4In and 
0. 
0. 
0. 
0, 
0, 
0. 
0, 
0. 
.15 
.35 
.02 
.15 
,019* 
.15 
.10 
,035 
In 
VT or Cux In In 
— 
V„ or In 
Ξ Cu 
т
 or CuT 
In In 
ν„ or In 
S Cu 
VCU 
VS 0 r I n C u 
[2] 
id. 
id. 
[3] 
id. 
this 
id. 
id. 
work 
Cuín Ξ /In ann. 
э о 
* a recalculation showed the correct value to be 0.035eV. 
basis of the relatively high indiumsulfide pressure expected to be 
delivered by CuInS when no external indiumsulfide source is present [8,25 ]. 
The assignment of the 0.15eV acceptor to V, or Cu is also in good 
In In 
agreement with the observation in ref. [ 2] of reduction of the acceptor 
concentration by annealing in the presence of In. This treatment will 
lead to filling of the In vacancies or drive Cu back to its natural sites. 
In 
The shallow donor levels, which have been reported (see table 5), may be 
identical with our 35meV level, which was ascribed to V or In 
S Cu 
By considering well defined samples, it was revealed that the ter­
nary character of the compound has a areat influence on its defect 
chemistry. In the first place, the nature of the predominant acceptor 
changed from Cu-nch to In-rich material, thus with the deviation from 
molecularity. This effect in turn affected both the luminescence and 
the electrical properties. The influence of the deviation from stoichio-
metry is mainly reflected in the electrical properties, sulfur rich 
material being ρ type conductive and sulfur deficient material being 
η type conductive. In addition, the ternary character causes a high de­
gree of compensation due to the deviation from molecularity and cation 
disorder (see ref.[ 8 ] ) , but also because of the incorporation of iron 
as Fe" and Fe1 . 
Cu In 164 
5. Conclusions 
Combined studies by means of spectrochemical anaysis, electrical 
measurements and Mössbauer spectroscopy showed that intrinsic defects form 
the electrically active centres in CuInS . The predominant impurity is iron, 
which most probably originates from the furnaces (walls, heating elements) 
employed at the preparation. Under all conditions of molecularity and 
stoichiometr-i' the incorporated iron is present as Fe* and Fe' . thus in its 
Cu In 
divalent state. Iron does not play a large role in establishing the op-
tical and electrical properties, because it gives rise to - empty - levels 
very close to or inside the bands. 
The influences of the ternary character of the compound were considered 
and it was demonstrated that thermodynamically well defined samples are 
necessary for a correct assignment of the observed levels. The present 
studies may serve as a first characterization of the material; it will be 
interesting, however, to widen the scope to material with a composition 
within the phase boundaries. In addition, the characterization of other 
chalcopyrites by a similar systematic approach may be very instructive with 
regard to their defect chemistry. In order to achieve a maximal influence 
of the intrinsic defects, special precautions are necessary at the material's 
preparation, such as furnaces equipped with double walls and gettenng 
of impurities (especially iron) e.g. by flowing HCl(gas) through the system. 
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SAMENVATTING 
In dit proefschrift worden de resultaten beschreven van een onder­
zoek naar de kristalgroei en de defectchemie van CuInS . CuInS is een 
halfgeleidermateriaal met de chalcopynetstructuur. In deze structuur 
bezetten de Cu en In atomen op geordende wijze de kationplaatsen van de 
zinkblendestructuur van de bekende II-VI verbindingen. 
In het eerste deel van dit proefschrift worden de resultaten op het 
gebied van de kristalgroei van CuInS gepresenteerd. 
Ten einde een gefundeerde keuze voor een bepaalde kristalgroei-
methode te kunnen doen is allereerst het T-x fasediagram Cu^S-In S on­
derzocht. Hierbij bleek, dat de structuur van CuInS bij 980 С over­
gaat van chalcopynet naar Zinkblende en bij 1045 С naar een derde struc­
tuur, waarschijnlijk wurtziet (hoofdstuk II). De chalcopynet-zinkblende 
overgang is een orde-wanorde overgang in het kationrooster. Aangetoond 
werd dat de aanwezigheid van deze orde-wanorde overgang alsmede de 
tetragonale vervorming van de eenheidscel afhangen van het verschil m 
elektronegativiteit tussen de verschillende kation-anion bindingen 
(hoofdstuk III) . 
De fase-overgangen in de vaste stof maken de groei van kristallen 
van CuInS^ uit de smelt onmogelijk. Daarom werden éénknstallen bereid 
via chemisch dampfase transport met jodium als transportmiddel. De 
verschillende optredende groeimechamsmen werden onderzocht met behulp 
van diverse oppervlakte-microtopografische methoden (hoofdstukken IV, 
V en VI). Deze mechanismen kunnen onderverdeeld worden in drie groepen, 
namelijk twee-dimensionale "Vapour-Liquid-Solid" (VLS) groei, VLS groei 
in één richting en "Vapour-Solid" groei. De vloeistoffase die aanlei-
ding geeft tot de VLS-mechamsmen bleek uit Cui te bestaan. Via directe 
groei uit de gasfase (Vapour-Solid groei) werden fraaie groeispiralen 
gevormd, waarop mono-atomaire stappen met een hoogte van 3Â werden 
waargenomen met behulp van fase-contrast microscopie. 
Behalve éénknstallen werden ook dunne filmlagen van CuInS 
(dikte ca. 1 um) bereid. Het bleek mogelijk enkel fase - CuInS films 
te bereiden door Cuín lagen op te dampen en deze daarna te behandelen 
met zwavel of H S bij temperaturen van 250 tot 400 C. De aldus ontstane 
CuInS, films zijn polykristallijn en vertonen de zinkblendestructuur 
(hoofdstuk VII). 
/07 
In het tweede deel van het proefschrift worden de optische en elek-
trische eigenschappen van CuInS en hun afhankelijkheid van de defectchemie 
behandeld. 
De verkregen éénknstallen werden naverhit in de aanwezigheid van diverse 
combinaties van componenten van het Cu-In-S systeem teneinde een samen-
stelling corresponderend met het betrokken drie-fasen evenwicht op te 
leggen. De Cu-In verhouding (moleculariteit) en de zwavel-kation ver-
houding (stoichiometne) konden zodoende gevarieerd worden. 
De behandelde kristallen vertoonden allen karakteristieke luminescentie 
spectra bestaande uit brede band emissie, die toegeschreven kon worden aan 
donor-acceptor en geleidings band-acceptor overgange^ en exciton emis-
sies. De brede band emissie blijkt hierbij vooral door de moleculari-
teit bepaald te worden (hoofdstuk VIII), terwijl de stoichiometne het 
elektrisch geleidingstype (p of n) vastlegt (hoofdstuk XI) . Ook de 
exciton emissie werd bestudeerd als functie van de precíese samenstelling 
(hoofdstuk IX). De dunne filmlagen werden nader gekarakteriseerd via 
metingen van de optische absorptie en de luminescentie (hoofdstuk X). 
De invloed van verontreinigingen is ook onderzocht. Hierbij blijkt ijzer 
in verreweg de hoogste concentratie voor te komen. Mossbauermetingen 
wijzen uit dat het ijzer altijd met valentie + 2 wordt ingebouwd op de 
Cu en In posities (hoofdstuk XI). Deze studies hebben tezamen geleid 
tot een model van voorkomende donoren en acceptoren die de luminescentie 
eigenschappen en het elektrisch geleidingsvermogen verklaren. 
Ш 
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STELLINGEN 
1 
Het lonengeleidingsvermogen van vaste oplossingen van MF en MF in de 
aardalkalifluonden blinkt sterk toe te nemen met het MF., of MF, ge-J
 3 4 
halte. Aangezien hierbij geen eenduidige correlatie tussen MF_ en MF. 
toevoeging gevonden wordt, dient de invloed van de waardigheid van het 
kation (M) op de geleiding nader onderzocht te worden. 
K.E.D. Wapenaar and J. Schoonman, J. Electrochem. Soc. 126 (1979) 667. 
K.E.D. Wapenaar, J.L. van Koesveld and J. Schoonman, 
Solid State Ionics 2 (1981) 145. 
2 
Ten onrechte wordt Lang-topografie tot de met-destructieve karakten-
satie methoden voor kristallen gerekend. 
3 
Bij het onderzoek naar de defectchemie van ternaire halfgeleiders, zoals 
de chalcopyrietverbindingen, dient meer dan voorheen aandacht geschonken 
te worden aan uit het ternaire karakter voortvloeiende mechanismen voor 
de vorming van wanorde, namelijk de kationwanorde en afwijkingen van de 
moleculanteit. 
4 · 
De door Reif en Vanzi gegeven verklaring voor de zogenaamd transients, 
die optreden in hun systeem voor epitaxiale groei van silicium, is 
onwaarscijnlijk. 
R. Reif and M. Vanzi, J. Electrochem. Soc. 128 (1981) 2187. 
5 
De gevonden waarde van de bedekkingsgraad van geadsorbeerde gas atomen 
en moleculen aan silicium-oppervlakken blijkt sterk af te hangen van de 
gekozen waarde van de bindingsenergie. De door Chernov en Rusaikin be­
rekende bedekkingsgraden, die gebaseerd zijn op de bindingsenergie van 
twee-atoraige moleculen zi]n daarom aan twijfel onderhevig. 
A. Chernov and P. Rusaikin, J. Crystal Growth 45^  (197Θ) 73. 
6 
Het is interessant om na te gaan of de verandering in optische eigen-
scappen als functie van de temperatuur voor een amorf materiaal niet 
uitsluitend beschreven kan worden met de temperatuur-afhankelijkheid 
van de interatomaire afstanden. 
7 
B13 de beeldvorming van de chemie in de samenleving spelen chemici de 
rol van katalysator; zij versnellen het proces weliswaar, maar beïn-
vloeden de eruit voortvloeiende machtsbalans niet. 
S. Rozendaal, Chemisch Weekblad 77^ (1901) 373. 
8 
Pretorius e.a. schrijven de door hen gevonden S-vormige titratiekromme 
van gen-5 eiwit van fd-bacteriofaag met polydT ten onrechte toe aan het 
coöperatieve karakter van de binding tussen beide. 
H.T. Pretorius, M.Klein and L.A. Day, J. Biol. Chem. 250 (1975) 9262. 
9 
Subsidiëring van overheidswege kan de verbreiding van beeldende kunst 
niet alleen bevorderen maar ook tegenwerken. 
10 
Bi] het bezoeken van een restaurant met de zogenaamde nouvelle cuisine 
dient men behalve over een goed gevulde maag ook over een aardig mondde 
frans te beschikken. 
11 
Gezien het peil van de Nederlandse amusementsmuziek zou men in over-
weging kunnen nemen naast " de Gouden Harp " tevens " de Gouden Hark " 
als onderscheiding beschikbaar te stellen. 



